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Abstract
A CT-guided biopsy is a specialised surgical procedure whereby a needle is used to with-
draw tissue or fluid specimen from a lesion of interest. The needle is guided while being
viewed by a clinician on a computed tomography (CT) scan. CT guided biopsies invari-
ably expose patients and operators to high dosage of radiation and are lengthy procedures
where the lack of spatial referencing while guiding the needle along the required entry path
are some of the difficulties currently encountered. This research focuses on addressing two
of the challenges clinicians currently face when performing CT-guided biopsy procedures.
The first challenge is the lack of spatial referencing during a biopsy procedure, with the
requirement for improved accuracy and reduction in the number of repeated scans. In
order to achieve this an infrared navigation system was designed and implemented where
an existing approach was subsequently extended to help guide the clinician in advancing
the biopsy needle. This extended algorithm computed a scaled estimate of the needle
endpoint and assists with navigating the biopsy needle through a dedicated and custom
built graphical user interface.
The second challenge was to design and implement a training environment where clini-
cians could practice different entry angles and scenarios. A prototype training module
was designed and built to provide simulated biopsy procedures in order to help increase
spatial referencing. Various experiments and different scenarios were designed and tested
to demonstrate the correctness of the algorithm and provide real-life simulated scenarios
where the operators had a chance to practice different entry angles and familiarise them-
selves with the equipment. A comprehensive survey was also undertaken to investigate
the advantages and disadvantages of the system.
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Chapter 1
Introduction and Research Aims
Computed Tomography (CT) is an imaging technique extensively used for diagnostic
purposes. It offers comprehensive assessment of anatomical structures and functions.
CT studies provide a cross-sectional picture of internal organs and tissues as depicted in
Figure 1.1. CT guided biopsy procedures are used to assist a clinician withdraw tissue or
fluid specimen from a lesion of interest inside a patient. The needle is guided through the
patient while being viewed by the clinician in a stepwise fashion on multiple CT scans
(Hsieh 2009). Through the use of CT scanner technology, clinicians are able to accurately
place a biopsy needle into a lesion of interest with a high degree of success and with
a low risk to the patient. This approach has significantly improved the way in which
medical diagnoses are made. For example, exploratory laparotomies for suspected tumors
have decreased significantly due to the increasing use of CT guided biopsies of suspicious
masses (Gruber-Rouh et al. 2015a).
In parallel, the advances of computing science in medicine has enabled the integration of
technologies such as navigation systems and devices with image-based guidance, which
has provided ways to improve accuracy and efficiency and has helped reduce the amount of
radiation exposure to both patients and operators. The integration of computer assistive
devices with image-based guidance has the potential to improve accuracy and efficiency
and as a result reduce patients trauma and radiation dose (Busse et al. 2007) and as such
it is the main focus of this research.
2Figure 1.1: A typical medical CT image A: Aorta, B: Spine, C: Liver, D: Kidney, E: Cyst, F:
Spleen. Image Courtesy of the Princess Alexandra Hospital, Radiology Department.
This thesis examines infrared technology and potential applications in the field of Ra-
diology including fine needle aspirations which are performed by passing a thin needle
through the skin to sample fluid or tissue from a cyst or solid mass of the lung, liver,
nodes or bones (Na et al. 2012). Other Radiology specific procedures which an infrared
navigation system could be applied to include therapeutic injections of joints, nerve roots
and epidural, radiofrequency ablation and drain placements (Seeram 2009).
During a biopsy, the needle is placed in the patient’s body and all necessary adjustments
are done to align the needle perfectly with the predicted target prior to piercing the skin.
The anticipated path of the needle is traced on a series of CT scans extrapolating the
needle towards the lesion (Yu et al. 2009). Smaller sub-pleural lesions (lesions situated
between the pleura and the body wall) usually require CT guidance. Small sub-pleural
lesions are also difficult to biopsy because a short needle length inside the body is unstable
and can be easily dislodged during respiratory motion (Lal et al. 2012). There is a clear
demand for a natural and intuitive system (Peters 2001) which could play a major role
in the guidance of surgical procedures as highlighted in the survey (Appendix G).
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1.1 The Context of the Research
Radiologists at the Princess Alexandra Hospital (PA Hospital), Brisbane perform more
than 500 CT biopsies per year. This number of biopsy sessions is consistent with a
large Australian metropolitan teaching hospital and is an increasing trend as depicted in
Table 1.1. Each CT biopsy procedure currently takes about an hour and involves at least
one radiologist, three Radiographers, one nurse and one medical imaging assistance. It
exposes the patient and the operators to radiation and it is a extremely time consuming,
expensive and labor intensive procedure.
Table 1.1: CT Biopsy Numbers at PA Hospital
Number of CT Biopsy Procedures at the Princess Alexandra Hospital
Year 2010 2011 2012 2013 2014 2015
CT Biopsies 173 203 204 211 380 563
CT guided biopsy procedures are performed by initially positioning the needle at a rough
estimation of the desired angle, and then slowly advancing the needle into the patient’s
body, taking numerous CT scans along the way to determine the actual position of the
needle, altering its trajectory as needed. This trial and error technique has major dis-
advantages which will be discussed in Chapter 2. The potential to reduce radiation to
patients and operators, reduced the time and costs that the procedure takes and reduced
training requirements are all very important and as such are the main focus of this re-
search. With these aims, two main objectives were identified.
The first objective was the design and implementation of a navigation system which
included both software and hardware components. The software components include
localisation and tracking algorithms and graphical user interface. The hardware compo-
nents are comprised of infrared cameras, emitters, reflectors and a biopsy needle. The
second objective was to use the navigation system for the purposes of training where a
trainee clinician could practice navigating a biopsy needle towards a target. Various CT
biopsy scenarios were constructed with the help of senior clinicians and then tested using
freehand method versus guidance method which will be further discussed in Chapter 4.
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1.2 Research Motivation
Despite the clear evidence that CT scanning provides valuable information for diagnosis
and patient management, there are still risks associated with them. The main concern is
the potential risk of radiation-induced malignancy (Beir 2006). The primary motivation
behind this research is to identify these risks and to work towards decreasing them.
According to the radiation protection guideline As Low As Reasonably Achievable
(ALARA), any method that can be implemented which reduces or eliminate radiation
dose must be made available for radiographic procedures (Slovis 2003). ALARA is
not only a sound safety principle, it is a regulatory requirement for all radiation pro-
cedures (Teeuwisse et al. 2001). Reduction in radiation dose is critical, particularly in
light of the continued increase in the number of CT examinations performed annually (Yu
et al. 2009). Therefore if infrared navigation is indeed a viable method that contributes
to radiation dose reduction, then it would become a requirement for biopsy procedures.
In a situation where the lesion of interest being biopsied is difficult to safely access,
radiologists use a double angle method which involves angling the needle in two planes,
left/right and up/down. In order to accurately hit the lesion of interest, the angles need
to be very precise. At present to ensure precise positioning, the CT gantry is tilted to
the required angle. The radiologist then inserts the needle into the patient, and uses the
gantry laser lights as a guide for the up/down angle as required (Webb et al. 2014a). As
a result of the size and engineering challenges, newer CT scanners are unable to tilt the
gantry (Arnolli et al. 2015). Consequently, there is a developing need for an alternative
method of performing the double angled biopsies under CT-guidance.
Several approaches to CT-guided biopsy procedures have been investigated and will be
discussed in Chapter 3. There is no consensus regarding an optimal biopsy navigation
system. The reason lies in the complexity of such a system, whose performance depends
equally and critically on several components, namely the biopsy tracking performance
and the visualisation capabilities combined with control of the instrument positioning
mechanism. In order to achieve accurate targeting, optimisation of these components is
essential and this need provides the motivation for this research.
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1.3 Contributions of this Research
This research provides clinicians with a simple and easy to use method for biopsy needle
guidance. It assists the operator by addressing the lack of spatial referencing. This was
highlighted as one of the main advantages of this system in the survey (Appendix G)
completed by clinicians who used the system. The results of the survey are discussed in
chapter 6 where they advantages and disadvantages of the system are reviewed. In the
survey majority of the operators considered the system useful for addressing the lack of
spatial referencing during a biopsy procedure. It does not try to control any instruments
nor does it attempt to identify patient physiology. It demonstrates that both patients
undergoing and clinicians performing a biopsy procedure can benefit from an infrared
navigation system which is integrated into a CT scanner.
A method described by Zhang (2000) was modified to employ data from multiple cameras,
extending it to two IR cameras. Furthermore, the use of a training module where trainee
radiologists would practice biopsy scenarios was also investigated and a detailed survey
conducted where the operators have identified the advantages and disadvantages of the
system and some of the main difficulties with CT guided biopsy procedures identified and
potential solutions discussed. In section 6.2 using the top box method, the results are
analysed and show a positive indication.
The work completed in this research proves the concept and the extended algorithm. The
algorithm has been demonstrated to achieve higher accuracy in a realistic setting. If the
proposed infrared navigation system is further integrated into a CT scanner for use with
real patient biopsy procedures, some of the benefits would include:
• Clinicians will not need to conduct repeated X-rays to correct the trajectory of the
needle.
• The system would save time, money and most importantly reduce radiation to both
patient and operators.
• Clinicians will be able to improve their special referencing and biopsy skills by
practicing biopsy scenarios.
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The key challenges in achieving efficient and accurate navigation of the biopsy needle are
fast and robust tracking, accurate registration and reliable and effective visualisation of
both needle and target. The significance of these issues is outlined here and the solutions
presented in this thesis are introduced. Key aspects in developing the navigation and
training systems are also presented with the aim to develop an optimised navigation
system suitable for assisting with CT-guided biopsy procedures which includes accurate
tracking of the biopsy needle, real-time visual feedback of the location of the needle in
relation to the target, increased spatial reference of the operator and increased confidence
to perform the procedure. The specific objectives were as follows:
1. Development and validation of a method to navigate a biopsy needle by receiving
feedback of the position of the needle in relation to the identified target.
2. Development and validation of the infrared navigation system software. The local-
isation and tracking algorithms and graphical user interface.
3. Development and validation of the infrared navigation system hardware. This in-
cluded the markers for instrument tracking, infrared cameras, emitter and reflectors.
4. Development and validation of a training module where operators can practice
biopsy scenarios in a test environment.
5. Surveys and analysis conducted by radiologists who use the training module to
practice biopsy scenarios.
These aims and objectives have been verified and demonstrated using experimental results
and survey completed by the system operators. Ethical clearance was granted for the use
of the CT scanner and equipment in the radiology department of the Princess Alexandra
Hospital in Brisbane (Appendix F). This was a major challenge because CT scanners
are extremely valuable and must only be operated by health professionals trained in CT
protocols and procedures. The hospital recognised the importance of what this research
is trying to achieve and as such not only granted the ethical clearance of images, but also
the repeated use of the CT scanners and health professionals’ valuable time to complete
this research.
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1.5 Structure of the Thesis
This thesis encompasses contextual assessment, software and hardware integration, and
testing in a clinical scenario. The chapters are organised as follows:
Chapter 2 presents background theory and information on CT imaging, including the
hardware and software components of CT scanners.
Chapter 3 reviews the current literature, covering previous work in navigation systems
and biopsy procedures and target imaging, with a focus on CT-guided biopsy procedures.
Chapter 4 hardware & software used to conduct the experiments and the methods used
for image based guidance of the biopsy needle and setup of the training module.
Chapter 5 develops algorithms in order to provide information display and analysis, pro-
posed future developments, and a list and clinical assessment of the system.
Chapter 6 presents the clinical performance evaluation where a comprehensive survey
completed by clinicians who have used the system is analysed.
Chapter 7 concludes the thesis with a review of the work done, proposed future develop-
ments and a list of the outcomes of the research.
Appendix A results - Freehand Method v Infrared Guidance.
Appendix B results - Infrared to DICOM.
Appendix C 2D to 3D Transformation Results.
Appendix D training Module.
Appendix E connect client to drivers, read and run the program.
Appendix F ethical clearance.
Appendix G radiologist survey questions.
Appendix H radiologist survey results.
Chapter 2
Research Context and Clinical
Background
This chapter presents background theory and information on CT imaging including CT
guided biopsy procedures, biopsy needles, radiation dose, DICOM and CT scanner tech-
nology.
2.1 Computed Tomography
Computed tomography (CT) is a diagnostic imaging examination used to create detailed
images of internal organs, soft tissue, bones and blood vessels (Lal et al. 2012). Since its
introduction in 1973, CT has established itself as one of the primary diagnostic imaging
modalities (Beckmann 2014). As depicted in Figure 2.1, CT technology has advanced
considerably from the time of its introduction. It continued to advance and in the late
1980s helical scanning techniques were introduced (Webb et al. 2014b) which enabled
movement in a helical pattern thus increasing the image resolution significantly. Soon
after, with the development of multidetector-row technology in the late 1990s (McCollough
et al. 2009), faster scanning and thinner collimation allowed routine scans to be performed
faster with higher z-axis resolution. Today, the quality, number and impact of clinical
applications of CT continues to grow.
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Figure 2.1: Left: Circa 1975, early days of the CT scanning. Right: Current CT imaging of
the brain. The two images demonstrate how much image quality has progressed over the last
4 decades (Siemens Circa 1975 n.d.).
Figure 2.2: Radiology rendering software used to generate a 3D CT study of a de-identified
patient.
Multiple plane reformatting can be applied to the cross-sectional images generated dur-
ing a CT scan, and radiological software can even generate three-dimensional images as
demonstrated in Figure 2.2. These images are put together in series and combined to
make up medical imaging studies which can be displayed on a computer monitor, printed
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on hard copy film or transferred to electronic media (Herman 2009).
CT scanning is one of the most effective methods for detecting different types of can-
cers. CT images enable clinicians to confirm the presence, location and size of a tumour.
CT scans are fast, painless, noninvasive and accurate. In emergency cases, CT scans
quickly help emergency clinicians identify internal injuries and bleeding allowing them
fast response which is often critical to the patient’s survival. Using fast scanning speed
and isotropic (uniformity in all orientations) spatial resolution at 0.3 to 0.4 mm (Taguchi
et al. 2000), CT enables clinicians to diagnose injuries and disease much quicker, safer
and more accurately than other more invasive imaging techniques which require more
recovery time for the patients (Yu et al. 2009). CT imaging also plays a major part in
the staging, treatment planning and follow up of cancer cases as a detailed comparison
can be performed when new CT scans are compared to older CT scans. The advantages
of using CT scanning is recognised in medicine and as such its use is now pervasive in
modern medical practice. It is estimated that 110 CT examinations per 1000 population
were performed in 2013 in Australia Figure 2.3 which is up 5 percent since 2012 (OECD
Health Data 2016).
Figure 2.3: CT Scans per 1000 inhabitants OECD Health Data.
The significant benefits to health-care afforded by CT have ensured continuing steady
growth in both scanner technology and clinical application (Golding 2002). CT practice
continues to evolve with new technologies and at the same time there is increasing atten-
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tion to optimisation of patient protection through improvements in CT technologies and
processes with focus on dose reduction (Webb et al. 2014b). It is this dose reduction both
for the patient and the operators which is the main focus of this thesis.
Furthermore, the availability of CT scanner units has increased rapidly in most OECD
countries over the past two decades (De Looper et al. 2009). Australia has the most num-
ber of CT scanners per capita, which is then followed by United States as demonstrated
in Figure 2.4 followed by Greece, Denmark and Korea, all of whom had significantly more
CT scanners per capita than the OECD average. Mexico, Hungary and United Kingdom
had the lowest number of CT scanners per population. One contributing factor to the
high number of CT scanners per capita in Australia may be geographical dispersion.
The ideal number of CT scanner units per population is difficult to estimate. While the
lack of scanners may lead to patient access problems such as geographic proximity or
waiting times, if there are too many scanners, this may then result in an overuse of these
costly diagnostic procedures, with little if any benefits for patients and potential excess
radiation exposure. Therefore monitoring and identifying solar radiation and nuclear
radiation risks to the population is essential and monitored by government (Protection
et al. 2000).
In Estonia, most CT scanners are installed in privately-owned diagnostic centers, and
only a small number are found in public hospitals. With a lack of guidelines in place and
minimum regulations that do not apply to private sector Estonia has topped the list.
Some evidence suggests that in the United States there is an overuse of CT examina-
tions (Smith-Bindman et al. 2008). Between 1997 and 2006, the number of scans in the
United States increased rapidly, while the instances of diseases remained constant (Smith-
Bindman et al. 2008). Furthermore, in countries like Australia, payment incentives from
Medicare allow doctors to benefit from exam referrals which may also be a contributing
factor to overuse. However no conclusive evidence has been linked to the medical benefits
of increased CT examinations in the United States (Baker et al. 2008).
Some OECD countries have been applying clinical guidelines to achieve a more rational
use of diagnostic technologies such as CT scanners (OECD Health Data 2016). Diagnostic
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Figure 2.4: CT Scanners per million population OECD Health Data.
imaging is often used to guide a clinicians choice of the most appropriate examination.
The objective is to increase the number of appropriate and safer examinations and reduce
unnecessary high radiation and invasive examinations which may expose patients to risk
without benefits (Bairstow et al. 2010).
2.2 CT Guided Biopsy Procedures
Biopsies are a useful and commonly used tool in medicine, whereby a tissue sample is
taken in order to be externally analysed to test for diseases such as cancer. Biopsies on
tissue near the surface of the body can be easily performed, however when the tissue is
deep inside the body the biopsy becomes much more difficult. In these cases a CT guided
biopsy may be undertaken. A CT scan provides a cross sectional view of the body, with
a series of these images taken in what is known as a CT study, to visualise the location
of both the suspect tissue and the needle being used to extract the biopsy sample.
One of the most useful applications of CT is guided surgical routines, where CT images
assist in guiding the biopsy needle. CT guided procedures include biopsies where a sample
of tissue needs to be extracted from patient’s body using a biopsy needle for further anal-
ysis. Biopsy procedures can vary depending on the location of the lesion of interest. One
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of the most common biopsy procedures are fine needle aspirations which are performed by
passing a thin needle through the skin in order to sample fluid or tissue from a cyst or solid
mass of the lung, liver, nodes or bones. There are also therapeutic injections of joints,
nerve roots and epidural, radio-frequency ablation and drain placements (Seeram 2009).
After the sample has been removed, it is transfered to a pathology laboratory where it is
set in wax and finely sliced. The slices are then stained with various dyes that highlight
different types and characteristics and abnormalities of cells.
Biopsy procedures involve inserting the biopsy needle at a predicted angle and advancing
it along a desired path. This is a challenging task that requires practice and experience
as well as sound judgment in spatial reference. To ensure the accuracy and safety of
the procedure, radiologists typically advance the needle in a stepwise fashion, re-imaging
the patient at each stage to determine any required corrections in trajectory (Shar et al.
2010). Steps currently involved in performing a freehand CT guided biopsy procedure
include (Shar et al. 2010):
1. Positioning the patient, applying skin markers and performing a CT scan;
2. Assessing the image for safe biopsy path, measuring the desired entry angle and
determining the skin entry point as depicted in Figure 2.5;
3. Marking the skin entry point on the patient;
4. Inserting the biopsy needle at predicted angle;
5. Advancing the needle in a stepwise fashion, re-imaging the patient at each step to
determine any required corrections in trajectory Figure 2.6; and
6. Confirming the needle position prior to taking biopsy.
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Figure 2.5: Biopsy path with the desired entry angle.
Figure 2.6: Advancing the needle in a stepwise fashion. This figure deminstrates the CT image
in a standard medical format, DICOM. This figure demonstrates a cross sectional image of
the body as well as the biopsy needle being inserted. It is clear why the CT images are crucial,
as the specialist currently has no other way of visualising the needle location.
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2.3 Biopsy Needle
A biopsy needle is used to obtain tissue or fluid samples which are then examined to
determine malignancy. The biopsy needle usually includes a thin, long probe, called
a stylet which sits inside a close-fitting hollow needle, called a cannula as depicted in
Figure 2.7. Once the needle is inserted into the patient and is in position close enough to
the lesion of interest, a firing device projects the stylet into the lesion of interest, and the
cannula then follows immediately. The stylet comes with a notch where the tissue will
prolapse once the stylet makes its way into the tissue. When the cannula then slides over
the stylet, it severs the prolapsed tissue in the surrounding lesion of interest and then
captures the prolapsed tissue like a specimen in the notch.
Figure 2.7: Core biopsy needle used to capture tissue from a lesion of interest.
For the purposes of this research, an infrared reflective tape was attached to the needle
which then reflected the light back to the infrared camera capturing the location of the
needle Figure 2.8. The reason why a reflective tape was used was because it was easily
sterilised before each procedure and a very inexpensive and accurate method. The tape
can be attached to all biopsy needles.
Infrared light is reflected back from the tape and then is picked up by the infrared camera
demonstrating the location of the needle. The reason a tape has been utilised instead
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Figure 2.8: Infrared reflective tape which was attached to the needle and used to reflect
infrared light back to the sensors.
of attaching a battery generated infrared light is mainly due to the fact that the tape
can easily and more practically be sterilised. Another advantage is that the tape is non-
metallic and so does not interfere with the CT operation.
2.4 CT Scanner Technology
A CT scanner shown in Figure 2.9 uses a motorised X-ray source that rotates around
the circular bore of a CT scanner called a gantry. The CT technology is very different
to conventional X-ray which uses a fixed X-ray tube. During a CT scan, the patient is
positioned on a bed that slides into the gantry of the CT scanner while at the same time
the X-ray tube rotates around the patient, exposing beams of X-rays through the patients
body. Instead of film, CT scanners use Digital Radiography (DR) X-ray detectors, which
are located directly opposite the X-ray source. As the X-rays go through the patient, they
are sensed by the detector and then transfered to a computer where they can be viewed
and manipulated (Hsieh 2009).
CT scanner technology has improved dramatically since the first scanner was introduced.
Today’s scanners can image the entire abdomen and pelvis of most adults, making a total
of 300 CT images, in less than 10 seconds (Herman 2009). The amount of detail in the
image has increased six-fold since 1970 as demonstrated in Table 2.1
CT technology has made great improvements since its introductions in the early 1970’s.
Advances in speed, patient comfort, and resolution have come a long way. The advances
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Figure 2.9: Siemens Somatom Definition Flash.
Table 2.1: CT Scanner Technology.
CT Scanner Technology
Specifications First CT Scanner (circa
1970)
State-of-the-art CT
Scanner (2016)
Time to acquire one CT image 5 minutes 0.5 seconds
Pixel size 3mm× 3mm 0.5mm× 0.5mm
Number of pixels in an image 6,400 256,000
in CT scanner technology mean that more anatomy can be scanned in less time. Faster
scanning helps eliminate artifacts from patient motion such as breathing or peristalsis
(muscle contractions). As a result of these advances, CT exams are now quicker and more
patient-friendly than ever before. The advance in technology has lead to an increase in
image quality, diagnostic confidence and a reduction in radiation dose. It is important to
note that this thesis proposes a navigation system which would assist clinicians to perform
a biopsy, it does not focus on speed or resolution of the CT technology.
A CT image is made up of an array of elements called pixels. Each pixel represents
the mean attenuation of an axial column of the patients tissue about 1 cm in length as
shown in Figure 2.10. A voxel is the square of the matrix times the thickness of the
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image slice. Each time the X-ray source completes one full rotation around the patient,
the CT computer then uses radiology specific software to construct a 2D image slice of
the patient Figure 2.10. The thickness of anatomy demonstrated in each image slice
can vary depending on the CT machine used, but usually ranges from 1-10 millimeters.
During image acquisition the bed moves through the gantry while X-rays are produced,
this results in helical data acquisition, which is then reconstructed by the software. This
process continues until the desired anatomy is covered.
Figure 2.10: CT Slice consisting of pixels (Physics Central 2016).
Each time the X-ray tube and detectors rotate around the patient recording the radiation
absorption by the patient’s body, an image slice is generated as depicted in Figure 2.11.
Software then computes and displays this information by assigning values to each pixel
derived from the recorded data. Typically, a CT scan requires many X-ray photons
(individual X-ray beams). Consequently, the amount of radiation used to make a CT
scan is considerably greater than what is used to make a traditional X-ray.
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Figure 2.11: The X-ray tube and detectors rotate, with the axis of rotation running from the
patient’s head to toe (Physics Central 2016).
2.5 Digital Imaging and Communications in Medicine
DICOM stands for Digital Imaging and Communications in Medicine. It is an interna-
tional standard related to the exchange, storage and communication of digital medical
images and other related digital data (Graham et al. 2005). The main purpose of the
DICOM standard is to allow cross-vendor interoperability among devices and information
systems dealing with digital medical images, as long as all the involved devices comply
with the DICOM standard.
Each DICOM file has a header section containing information such as patient demo-
graphics, acquisition parameters, referrer, practitioner and operator identifiers and image
dimensions. The remaining section of the DICOM file contains the image data. A
DICOM image file and it’s header is depicted in Figure 2.12. The use of DICOM format
and standard has been a major step forward in clinical radiology by allowing digital images
to be easily stored and transferred electronically and also setting an industry standard
which all medical imaging companies must adhere to. Digital images can be manipulated
and converted to different formats for teaching and publication purposes.
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Figure 2.12: A DICOM image and associated header. A DICOM header contains the patient
and study information. The image is from a de-identified study which was obtained after
receiving ethical clearance (Appendix F).
2.6 Radiation Dose
Background radiation exposure to humans is about 2.4 millisievert (mSv) every year
which comes from the everyday radiation given off by the Earth as well as from outer
space cosmic radiation or cosmic rays (UN 2008). In comparison, a CT scan has a
radiation dose in the range of 1 mSv to 15 mSv and varies depending on the body part
being scanned and specific techniques used. On average a CT of the chest is equivalent
to having 100 chest X-rays (Pitman et al. 2009). This may appear to be a lot for one CT
scan, however it still translates to a very small increased risk of developing cancer over
a patient’s lifetime. The risk is about a 0.04 per cent increase estimated by the Royal
Australian and New Zealand College of Radiologists (Pitman et al. 2009). This means
that if an individual has a 20 per cent lifetime chance of developing cancer, this rises to
20.04 per cent after a single CT scan.
The radiation dose for each X-ray modality and study depends on various factors including
number of images (slices), patient build, number and type of scan sequences, and desired
image resolution and quality (Zˇabic´ et al. 2013). The age of a patient and sex also are
contributing factors. For example, breast tissue in women and the young cells in children
are much more sensitive to radiation. Children have a higher risk of developing cancer
because the results of radiation exposure might take a long time to appear. Unfortunately
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most of the findings and calculations are largely based on data from survivors of atomic
bomb explosions, rather than people who have undergone CT scans and X-rays.
In order to identify the amount of radiation dose delivered by CT scanning, various mea-
sures are, used including absorbed dose, effective dose, and CT dose index (CTDI) (Fischer,
Battuello, Sadli, Ballico, Park, Saunders, Zundong, Johnson, van der Ham, Li et al. 2014).
Energy absorbed per unit of mass is the absorbed dosage and is measured in grays (Gy).
One gray equals 1 joule of radiation energy absorbed per kilogram. The level of risk to a
particular organ is determined by the organ dose or distribution dose (Ogbole 2010).
The CT image quality would be much higher if the amount of radiation to patients was
not taken into consideration. The higher the radiation the better the image quality but
the more harmful for the patient. Thus the radiation received by a patient during CT
scans are calculated to be a proportional estimate of the overall harm to the patient
caused by the radiation exposure (Ogbole 2010). The effective dose, expressed in sieverts
(Sv), enables comparison between different CT studies but it does not provide an accurate
reflection of the true risk. For the purposes of estimation, the organ dose is the preferred
method of measuring the absorbed radiation. Typically, CT doses are measured for a
single slice (image) of the whole study and although useful for quality control, is not
directly related to the organ dose or risk.
Organ doses from CT examinations are considerably higher than the conventional radiog-
raphy examinations as identified in Table 2.2. For example, a typical anterior or posterior
abdominal X-ray examination has a dosage of approximately 0.25 mGy, which around 50
times less than the corresponding stomach dose from an abdominal CT scan.
There are various contributing factors that determine the radiation dose for a particular
organ during a CT procedure. The most important factor is the number of scans or
examinations that a patient undergoes, the CT scanner’s tube current and the time it
takes to scan in milliamp-seconds (mAs), patient size, the axial scan range (for example
an abdominal CT compared to a whole body CT), the scan pitch (the degree of overlap
between adjacent CT slices), the tube voltage in the kilovolt peaks (kVp), and the specific
design of the scanner being used (McNitt-Gray et al. 2002). Many of these factors are
tailored to the type of study being performed and to the size of each patient and are
2.6 Radiation Dose 22
Table 2.2: Radiation Dose identifying different study types and associated organs with their
relevant organ dosage.
Radiation Dose
Study Type Relevant Organ Relevant Organ Dose
(mGy)
Dental OPG Brain 0.005
Chest radiography Lung 0.01
Mammography Breast 3
Abdominal CT Stomach 10
Neonatal abdominal CT Stomach 20
under the control of the radiologist or radiology technician. The quality of CT images
will decrease as the radiation dose decreases, this means that there will always be a
trade-off between high quality imaging and low doses of radiation (Mettler et al. 2000).
According to (Amis 2007), in the United States CT examinations contribute to almost one
half of the total radiation exposure per capita. The total radiation dose received by the
entire US population from CT has been used to estimate the chances of cancer incidence
or mortality in the whole population (Brenner et al. 2007) (Einstein et al. 2007).
One study suggested that as much as 1.52 percent of cancers may eventually be caused
by the radiation dose currently used in CT (Brenner et al. 2007). These estimates
however are debatable since the cancer risk model used relies on the National Academies
of Sciences report on the biological effects of ionizing radiation (Beir 2006), which suggests
that because of the lack of of available data it is difficult to evaluate cancer risk in humans
at low doses (less than100 mSv), which is about ten to 100 times higher than the effective
dose from a typical CT examination (Yu et al. 2009). Another factor that was not taken
into account is the actual benefit of the CT scan to the patient, specially when the
majority of the total radiation dose from CT to the population was obtained by older
or symptomatic populations. In this demographic, the health benefit of a CT scan far
exceeds the estimated potential risk (McCollough et al. 2009). These risks are used to
estimate variation across study types, patients, and institutions and estimate the Lifetime
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Figure 2.13: Estimated range in the Lifetime Attributable Risk (LAR) of cancer in a scenario
where a 20 year old female patient has one of several types of computed tomographic (CT)
exams. The x-axis represents the estimated effective doses for each study type, sorted from the
lowest (1 percent) to the highest (100 percent) across patients (Smith-Bindman et al. 2009).
Attributable Risk (LAR) of cancer associated with these tests.
The estimated effective doses for each of the 6 most common CT study types, sorted from
the lowest (1 percent) to the highest (100 percent) across patients, and the corresponding
adjusted LAR of cancer are demonstrated in Figure 2.13, assuming all examinations were
done on a 20 yeas old female patient. For a head CT scan, the average effective dose was
2 mSv, and the corresponding adjusted LAR of cancer was 0.23 cancers per 1000 patients
(range, 0.03-0.70 cancers per 1000 patients). For a CT scan of multiphase abdomen and
pelvis , the average effective dose was 31 mSv, and the corresponding adjusted LAR of
cancer was 4 cancers per 1000 patients (range, 0.8-11.1 cancers per 1000 patients) as
depicted in Figure 2.13 (Smith-Bindman et al. 2009).
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Unlike surgery, the risks of CT guided biopsy are much lower. However, certain compli-
cations can still occur and include the following:
• Allergic reaction to contrast or dye are rare but do occur from time to time when
iodine-based and also barium-sulfate contrast materials are used. These chemicals
are essential to block or limit the ability of X-rays to pass through and as a result
changing their appearance on CT images.
• Renal failure from the use of the contrast dye. Contrast Induced Nephropathy is
a rare disorder and occurs when kidney problems are caused by the use of certain
contrast dyes. In most cases contrast dyes used in a CT biopsy procedure have no
reported problems. About 2 percent of people receiving dyes can develop compli-
cations. However, the risk can increase for people with diabetes, a history of heart
and blood diseases, and chronic kidney disease.
• Infection. Skin is a natural barrier against infection. Even with many precautions
and protocols to prevent infection in place, any procedure that causes a break in
the skin can lead to an infection. These infections occur on the part of the body
where the biopsy took place.
• Bleeding at the site tissue. Unexpected excessive blood loss may occur during a
biopsy procedure. These losses are unexpected because the patient is not recognised
as having a coagulopathy (condition in which the blood’s ability to clot is impaired)
and excessive because they are greater than is usual during such procedures.
• Pain during and post procedure. Local anesthetic is used during the procedure which
prevents most of the pain. However often after the procedure patients experience
some pain during the healing process.
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2.8 Chapter Summary
This chapter introduced Computed Tomography (CT) and CT guided procedures and the
tools used to perform these complex procedures including CT scanner technology. The
use of DICOM imaging and its information header are explained. Then radiation dose
and its impact on organs and likelihood of it causing cancer are discussed and some of
the main complications and patient trauma that can occur during a biopsy procedure
are outlined. The information stated in this chapter identifies the complexities involved
in conducting a CT guided biopsy procedure and sets the groundwork for understanding
different approaches to biopsy navigation.
Chapter 3
Approaches to Biopsy Navigation
This chapter begins with a review of existing approaches and techniques used in CT-
guided biopsy procedures, including Gantry tilt techniques, patient positioning, angled
and double angled biopsies. Some of the existing literature on biopsy needle tracking and
the use of infrared technology in medicine is also reviewed.
3.1 Existing Approaches
After reviewing the existing tracking systems, it is evident that these systems are based
on a number of different working principles and technologies.
3.1.1 Tracking Systems
The three main types of tracking methods currently used in surgical procedures are me-
chanical, electromagnetic and optical (Enquobahrie et al. 2008). Examples of these are
shown in Figure 3.1and are summarized below (Shar et al. 2010).
1. Mechanical trackers are highly accurate and stable, but they are large in size and
their use is limited to specific procedures where they will not interfere with the
surgical routine (Kim et al. 2014).
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Figure 3.1: Tracking system examples: mechanical, optical and electromagnetic track-
ers (Enquobahrie et al. 2008)
2. Optical trackers are, in general, not only more accurate than both the mechanical
and electromagnetic trackers, but also tend to have a larger field of measurement.
One of the major disadvantages of optical systems is that the line-of-sight between
the trackers and the camera must be uninterrupted (Cleary et al. 2002).
3. Electromagnetic trackers use an electromagnetic field generator along with a number
of small electromagnetic coils embedded in surgical instruments (Yaniv et al. 2009)
which do not have the line of sight limitation (Fuangrod et al. 2016). The shortfall
of electromagnetic trackers is that the surgical environment must be devoid of any
ferromagnetic material that could interfere with the electromagnetic field and de-
grade the measurement accuracy. Another problem with electromagnetic trackers
is that some of the surgical instruments need to be modified to include sensor coils.
After reviewing the existing tracking systems it is evident that optical tracking is a highly
effective and accurate technique for localization with the only disadvantage being the
maintenance of line-of-sight with the cameras and also the sterilization of markers. The
infrared navigation system presented in this thesis uses more than one camera to address
the line-of-sight issue and also uses infrared technology and reflector tape. The research
presented in this thesis can potentially improve or even replace some of the current tech-
niques outlined above.
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3.1.2 Stereotactic Biopsy
Stereotactic biopsy is a biopsy procedure which uses computer technology and X-ray
imaging to localise a target lesion such as a tumor or microcalcifications (calcium deposits)
in the patients body in three dimensional space. Stereotactic core biopsy uses the parallax
principle of measuring the angle of inclination between two lines to determine the depth
or Z-dimension of the lesion of interest (Adam et al. 2014). In theory, any part of the body
can be subjected to stereotactic surgery. However, difficulties in setting up a reliable frame
of reference and also the time it takes to setup a stereotactic biopsy frame are some of
the fundamental limitations. Stereotactic core biopsy is extensively used by radiologists
specialising in breast imaging to obtain tissue samples containing microcalcifications.
Figure 3.2 depicts a brain stereotactic setup.
Figure 3.2: Steriotactic biopsy frame setup for a brain procedure (Markwardt et al. 2016).
For brain procedures, the main advantage of stereotactic CT procedure over other biopsy
techniques is the stability and high accuracy which is required for biopsy of deep-seated
lesions. X-ray-guided stereotactic biopsy is used for impalpable lesions that are not visible
on ultrasound. A few days before the procedure a CT scan is taken and images are
imported into a CT rendering machine which provides a 3-dimensional image of the brain
and the lesion of interest. The 3-dimensional image along with a biopsy guidance arm is
then used to guide the needle into the target.
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3.1.3 Gantry Tilt Technique
During a biopsy procedure, the operator inserts the needle into the patient and advances
it towards the lesion of interest, avoiding vital organs. A technique called gantry tilt
technique is sometimes used to assist the operator.
Gantry tilt technique is used to tilt the CT gantry off the axial plane allowing the capture
of CT images which demonstrate the appropriate path while avoiding vital organs and
structures as depicted in Figure 3.3. The gantry tilt technique provides a degree of direct
visualisation of the needle path towards the lesion on interest. The visualisation of the
needle path is not possible with previously described methods such as stereotactic biopsy
or the triangulation technique. The gantry tilt technique is a simple, practical way to
perform angled CT biopsy or aspiration (entry of a foreign liquid, into the respiratory
tract) cases.
Figure 3.3: Gantry Tilt of a CT Scanner (Toshiba Healthcare - CT Technology 2016)
.
3.1.4 Patient positioning CT-guided biopsy
During a biopsy, the operating radiologists can instruct the patient to take a certain
position depending on the location of the lesion of interest. The prone position is often
preferred as it limits chest wall motion (patient breathing) with an added benefit of a com-
fortable ‘biopsy side down’ post biopsy positioning of the patient (Cham, Lane, Henschke
& Yankelevitz 2008). The supine position is associated with moderate chest movements,
while the lateral decubitus position is associated with the highest chest movements. How-
ever, patient positioning is based on lesion accessibility and the safest path to the lesion
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Figure 3.4: Illustrates different patient positioning techniques during a biopsy proce-
dure (Patient Positioning National Electrical Manufacturers Association 2016).
of interest (Lal et al. 2012).
Patient positioning is important in improving the precision and safety of the biopsy as
illustrated in Figure 3.4. If a lesion of interest is accessible from either prone, supine,
or decubitus positioning, the prone position is usually the most ideal and offers more
advantages. Human ribs, vertebrae and ligaments are configured in such a way that using
the prone position would provide the least amount of chest wall motion when compared
to supine and decubitus positions (Cham et al. 2008). The prone position also has the
added advantage of allowing a more comfortable biopsy side down supine position during
recovery, which may reduce the chance of developing a pneumothorax. The prone position
also prevents the patient from seeing the biopsy procedure, which reduces both patient
anxiety and patient movement (Cham et al. 2008).
3.1.5 Dual-angled CT-guided biopsy
Another CT-guided biopsy technique is the dual-angled CT-guided biopsy which employs
angling both the CT-gantry and the patient to access the lesion of interest considered
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Figure 3.5: A. A lesion of interest in this case a right middle lobe peripheral nodule (arrow) is
located deep to the right breast. B. The right breast is shifted medially by placing the patient
in a left lateral position, allowing access to the lesion of interest (nodule) without traversing
the right breast (Cham et al. 2008).
unapproachable using conventional CT techniques depicted in Figure 3.5. Angling the
gantry and the patient, or dual angulation, can be applied for patients with masses located
in areas not easily accessible. A dual-angled approach defines a safe path to a mass and
allows obtaining a CT image in the plane of the biopsy needle (Sainani et al. 2013).
3.2 Literature Review
Radiological biopsy procedures have significantly expanded in the last twenty years thanks
to the advances in CT technology and computing science. There are many potential ap-
plications of biopsy procedures and research is ongoing towards faster and more accurate
approaches. As biopsy navigation is the focus of this thesis, this section begins with a
review of previously proposed systems for CT-guided biopsy procedures, including track-
ing, robotic and visualisation solutions. The section goes then more deeply into the broad
existing literature on infrared navigation and the tools and methods used in this research.
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3.2.1 CT Guided Biopsy Systems
The diagnostic accuracy and clinical usefulness of CT-guided biopsies have been widely
accepted as an effective and safe procedure to confirm the diagnosis in many clinical
settings (Ozdemir et al. 2015, Frederiksen et al. 2015, Guimaraes et al. 2003, Galluzzo
et al. 2015). The advantage of CT guidance is that the whole abdomen is visualised,
and this allows accurate planning of a biopsy for deep-seated lesions. In recent years, the
efficacy of CT-guided biopsy for making the pathological diagnosis of lymphoma has been
reported as both the biopsy techniques and the histological diagnostic techniques have
dramatically improved (Sklair-Levy et al. 2000, Demharter et al. 2001, Pappa et al. 1996).
The problem of camera calibration for metric extraction has been addressed over many
years by several authors, with extensive literature on the subject (Hartley et al. 2005).
The area has historically attracted interest from two separate perspectives: computer
vision (Medioni & Kang 2004) and photogrammetry (Babapour et al. 2016).
A robotic system where the whole procedure was intended to be performed with the
patient inside the scanner was proposed by (Elhawary et al. 2010). The biopsy probe in-
corporated a surface coil and two semiactive markers. The system used two scan planes,
sagittal plane and plane through the marker, for automated tracking of the probe. Un-
fortunately, clinical results showed that the targets located in the peripheral zone of the
prostate were not accessible because of the limitations in the angular movements of the
probe due to the mechanical design of the robot and probe design.
A study was performed (Groetz et al. 2015) to evaluate the feasibility of CT-guided
biopsies using a novel robotic needle guide. Eight vertebral bodies of dead swine were
biopsied, the operators attempted to place the needle in the center of the vertebral body
via a transpedicular access. Needle placement was accurate without any need for read-
justment. it was concluded that the system may offer even less experienced teams to take
biopsies in regions which are difficult to access.
An electromagnetic navigation system for CT guided biopsy of small lesions was proposed
by (Gruber-Rouh et al. 2015b). These devices increase accuracy and lower radiation
exposure during CT-guided puncture without restricting patient accessibility. Similarly
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(Leong et al. 2012) proposed an Electromagnetic navigation system for CT-guided biopsy
of small lesions used a phantom study which demonstrated that fewer passes and decreased
amount of time is required to reach small targets in the lung when using electromagnetic
tracking vs conventional CT.
A percutaneous lung biopsy where comparison between an augmented reality CT naviga-
tion system and standard CT-guided technique where conducted by (Grasso et al. 2013).
The device can be used for percutaneous interventions such as biopsy, thermal ablation,
percutaneous interventional, localisation and positioning of fiducials for radiotherapy in
different anatomical districts, such as lungs, bones and kidneys. It reconstructs a 3D
model from a data set of acquired CT images through automatic procedures.
A phantom study to examine a real time electromagnetically guided navigation system
and performed comparisons to standard computed tomography (CT) guidance was con-
ducted by (Moncharmont et al. 2015). A prospective, randomised, comparative study was
conducted. Clinicians without prior experience on the new navigation system attempted
to biopsy two 6 mm-diameter targets with out-of-plane trajectories using both the stan-
dard CT-guided method and the new navigation method. The clinicians consistently
performed faster and more accurate phantom biopsies with out-of-plane trajectories us-
ing the electromagnetically-guided navigation system than with the standard CT-guided
method. This research suggests that CT guided biopsy procedures alone are not the most
effective approach.
In order to evaluate the accuracy and clinical relevance of a free-hand, CT-guided, optical
navigation system, 15 procedures in 14 patients were analysed (Schubert et al. 2013). The
navigation system was applied for interventional procedures on small lesions of interest,
and none of the evaluated parameters correlated significantly with the distance from the
needle tip to the planned target. The application of a navigation system for CT-guided
procedures proved safe and provided an effective targeting within a reasonable intervention
time (Gruber-Rouh et al. 2015b)
Numerous navigation systems used for ablation (removal of body tissue) are reviewed, and
specific clinical applications for ablation are discussed to help define how these technologies
address specific clinical needs, and fit into clinical practice (Wood et al. 2010).
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An electromagnetic navigation system is evaluated for CT-guided biopsy of small le-
sions (Appelbaum et al. 2011). Standardised CT anthropomorphic (human like) phantoms
were biopsied by two radiologists. CT scans of the phantom and surface electromagnetic
fiducial markers were imported into the memory of the 3D electromagnetic navigation sys-
tem. Virtual electromagnetic tracking appears to have high accuracy in needle placement,
potentially reducing time and radiation exposure compared with those of conventional CT
techniques in the biopsy of small lesions.
3.2.2 Infrared Technology in Medicine
Infrared technology has long been used to monitor and measure the temperature dis-
tribution of human skin. An infrared thermogram is used to identify diseases such as
malignancies, inflammation, and infection because of localised increases in temperature
as hot spots or as asymmetrical patterns. When thermographs are used under controlled
conditions, they may be interpreted readily to diagnose certain conditions and to monitor
the reaction of a patient’s physiology to thermal and other stresses (Jones 1998).
The Nintendo Wii Remote infrared sensor illustrated in Figure 3.6 was chosen for this
research due to availability, cost effectiveness, ease of interfacing, and high resolution.
The infrared sensor on the Wii Remote is capable of tracking up to four IR hot-spots
simultaneously, with positions output at 100Hz in 1024 by 768 interpolated resolution (Lee
2008). Only the positions and size/intensity of the IR hot-spots is output, with the raw
video output from the sensor not available. A Bluetooth interface is included on the Wii
Remote to enable communication.
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Figure 3.6: Nintendo Wii remote infrared camera used in this research (Lee 2008).
Infrared technology has proven useful in various applications in medicine, some of which
include:
• Identifying blood vessels in laparoscopic surgery: During surgeries where a fibre-
optic instrument is inserted through the abdominal wall to view the organs in the
abdomen or permit small-scale surgery surgery it can be hard to identify blood
vessels. Near-infrared spectroscopy sensors can be installed into the tips of surgical
cutting tools enabling surgeons avoid cutting blood vessels accidentally (Eggers
et al. 2015). The sensors on the device detect the presence and diameter of blood
vessels in laparoscopic surgery alerting the surgeon to their presence and locations.
• Blasting cancer cells: Destroying cancer cells without harming healthy cells is a big
challenge when it comes to cancer treatment. A method where Nanoparticles are
injected into the bloodstream with a purpose of finding lung cancer cells has been
developed (Nie et al. 2007). Cancer cells absorb the nanoparticles and an infrared
light is then projected onto the relevant area, where the nanoparticles absorb it and
convert the light into heat and destroy the cancer cells.
• Detecting bed sores: Near-infrared light used to reduce infections in the hospital
environment. A system that identifies bed sores before they actually appear on the
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skin (Lloyd et al. 2010). The infrared light is emitted onto to the skin. The device
measures hemoglobin concentration and oxygenation beneath the surface of the skin
to help physicians assess tissue damage indicating early signs of bed sores.
• Sepsis (harmful bacteria) detection: A breath biomarker developed by Isomark (Schober
et al. 2011) is part of the key to its early detection. When the body has an infec-
tion, it tends to use a specific carbon (carbon 13). Patients exhale into a bag where
spectrometer equipped with infrared lasers measure the ratio between carbon 12
and carbon 13. Early detection and treatment of sepsis is then made possible.
3.3 Chapter Summary
In this chapter some of the existing approaches used in CT guided biopsies was described.
Then a review of literature was presented where existing CT biopsy and infrared tech-
nologies were reviewed. Some of the attributes that set this system apart from other
technologies and techniques available in health care include the use of multiple cameras
to track the biopsy needle during the procedure and the utilisation of infrared technology
and reflective tape which can be sterilized much easier and quicker than other means.
This research focuses on addressing the lack of spatial referencing during the procedure
and also included the design and testing of a training module where clinicians can practice
biopsy procedures using the system.
IR reflectors were considered for this application, however because of the below reasons
were deemed not appropriate at this time:
1. The IR camera does not pick up more than 4 hot-spots at a time.
2. The software works best when the strongest IR hot-spots is picked up from each
camera. The needle recognition rate is better when only the strongest point is picked
up.
3. After consultation with clinicians, reflective tape was identified as more easily ster-
ilisable.
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4. Super gluing multiple metal hot-spots onto a patient would be very time consuming
and at times not practical.
The next chapter focuses on presenting the navigation system used in this research. Ro-
bustness of some of the methods are investigated and shortfalls identified. In Chapter 4,
a proof of concept identifies the the need for an infrared navigation system, and a review
of clinical trials is presented.
Chapter 4
Design of the Multiple-Camera
Infrared Navigation System
This chapter describes the hardware and software used to run and operate the infrared
guided biopsy navigation module. Including infrared cameras and their calibration method,
system mapping and interface establishment between the infrared cameras and emitter.
This chapter also covers multiple camera mapping.
4.1 System Components
The infrared guided biopsy needle system provides a method to estimate needle trajectory
and position using computed tomography image points and multiple infrared measure-
ments. The system includes a digital infrared-sensitive camera and high-intensity infrared
illuminator, which is used to capture the position of an infrared reflective tape attached
to a coaxial biopsy needle having been inserted into a marked insertion point on a test
phantom. Information is then sent in real-time to a custom software program where nee-
dle entry position is displayed and coordinates captured as shown diagrammatically in
Figure 4.1 and demonstrated in Figure 4.2.
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Figure 4.1: A block diagram demonstrating the setup and interfaces. Two infrared cameras
connected via bluetooth to software which display the location of the biopsy needle.
The communication thread in the interface application first opens and binds to a Unix
inter-process communication (IPC) socket which acts as a data communications endpoint
for exchanging data between processes executing on the same host operating system, waits
for the client application to connect, then enters a command/response loop. Command
packets sent from client to interface application consist of a single byte, with ’d’ indicating
a request for data and an ’x’ indicating exit.
An interface application was written (Listing 4.1) to communicate with and configure the
Wii Remote and access the IR hotspot position data, and a client program in MATLAB
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Figure 4.2: Top: System setup including infrared emitters, wii cameras fixed and a phantom
with entry marks. Bottom: The biopsy needle with infrared reflective tape attached.
to provide additional abstract functionality. The interface program spawns three threads
– two responsible for interfacing with the Wii Remotes, and the last for communicating
with the client program. Interfacing with each Wii Remote is performed using generic
Bluetooth libraries, and input and output sockets. The ’wiiuse - The Wii Remote C
Library’ was used as the drivers for the system (Appendix E). These drivers are regis-
tered to the device driver access point, where the device is read from using MATLAB
code (Listing 4.1) by loading the Wii Remote drivers to kernel, connecting from client
application to drivers, request data from the Wii Remote, processing and decoding and
plotting the incoming data.
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Listing 4.1: Steps that the custom software takes when activated. 
1 . Load Wii Remote d r i v e r s to ke rne l
2 . Connect from c l i e n t a p p l i c a t i o n to d r i v e r s
3 . Request data from Wii Remote
4 . Process and plot data from Wii Remote
5 . Repeat s t ep s 3 and 4 u n t i l the c l i e n t program i s c l o s e d
 
4.2 System Interfacing
An interface application was designed and tested to communicate with and configure the
Wii Remote Infrared (IR) cameras and access the IR hotspot position data as demon-
strated in (Listing 4.2). There is also a client program in MATLAB to provide additional
abstract functionality. Interfacing with each IR camera was performed using generic
Bluetooth libraries (Lee 2008), and input and output sockets.
The followings steps are performed on launching the interface application:
1. A prompt is displayed for the user to make the Wii Remotes discoverable;
2. A socket connection is established with the Bluetooth HID (human interface device)
on the host computer;
3. A scan for Bluetooth devices is performed, and input and output sockets created to
connect to any discovered Wii Remotes;
4. The socket connection to the Bluetooth HID is closed;
5. Two polling threads are created and capture of IR data from the Wii Remotes
started;
6. The user is prompted to assign left and right positions via button presses on each
Wii Remote;
7. A client communications thread is created, and the user prompted to start the client
program.
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Listing 4.2: Custom MATLAB Program - reads and plots coordinates x and y. Some lines
are removed for clarity. 
f i d = fopen ( ’ /dev/Wii Remote ’ , ’ r ’ ) ;
n=0;
t l i n e = fget l ( f i d ) ; // r e tu rn s the next l ine o f the s p e c i f i e d f i l e
while i s c h a r ( t l i n e )
disp ( t l i n e )
t l i n e = fget l ( f i d ) ; // reads c h a r a c t e r s
end
function [ w i i ] = demo( )
coord . i r . x ( : , 1 : end−1) = coord . i r . x ( : , 2 : end ) ;
coord . i r . y ( : , 1 : end−1) = coord . i r . y ( : , 2 : end ) ;
plot ( coord . i r . x ( 1 , : ) , coord . i r . y ( 1 , : ) , ’ rx ’ ) ;
plot ( coord . i r . x ( 2 , : ) , coord . i r . y ( 2 , : ) , ’ bo ’ ) ;
end
fc lose ( f i d ) ;
 
The response packet is 24-bytes for each Wii Remote, for a total of 48-bytes. Each 24-
bytes of data from each Wii Remote consists of 6-bytes for each IR hotspot – two-bytes
each for the u and v -positions, and two-bytes for size/intensity.
The client application was written in MATLAB to facilitate post-processing of the sensor
inputs into meaningful surgical guidance co-ordinates and this is the subject of Chapter
5. A socket connection to the interface application is established, and a display window
opened containing a plot of the IR hotspots. A loop is established that sends request
packets, receives response packets, and calculates (x, y, z) coordinates for each of the two
most intense hotspots. The loop exits, and the interface and client programs close, when
the display window is closed by the user. The (x, y, z) coordinates for each hotspot and
the method for estimating the projection parameters is described in Section 4.3.
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4.3 Calibration
An aluminum jig was machined to enable precise, repeatable location of two Wii Remotes
in a binocular configuration Figure 4.3. The jig aligns each Wii Remote using the upper
(the face containing the majority of the buttons), one side, and end face. The Bridgeport
milling machine used to machine the jig was also employed to calibrate and estimate the
projection (camera) parameters of Equation (5.65) as explained further in section 5.4.1.
Figure 4.3: An aluminum jig 165mm × 95mm was machined to enable precise, repeatable
location of two Wii Remotes in a binocular configuration
First, the focal length of the Wii Remotes and exact position of the IR sensors within
them are unknown. As such an arbitrary reference origin was chosen, and the projection
parameters calibrated with respect to this.
In order to estimate the projection parameters, the client application was modified to ac-
cept user input of (x, y, z) coordinates then collect 100 data points from each Wii Remote.
The Wii Remote jig was positioned square to the mill at a distance of approximately a
metre, and a single IR LED mounted to the mill table. The milling machine is capable
of positioning an object to a precision of 0.01mm, with accuracy better than 0.05mm
(positioning accuracy is closer to the 0.01mm precision when not machining).
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Forty-three positions spanning a range of ±100mm along each axis were collected, with
25 positions in the x-y plane corresponding to the designated zero z -coordinate, and 9
positions in each of the planes corresponding to the ±100mm z -coordinates. Outliers
were removed from the collected (u, v) values, the mean of the remaining (u, v) values
taken, and Equation (5.73) used to solve for the projection parameters. The mean was
used rather than the median to allow average (u, v) values to fall between the integer
constraints imposed by the pixel values.
The mill was used during these experiments to machine the items. There is a head or
turret where the cutters are loaded, and a movable bed where the workpiece is attached.
The bed can be manually adjusted in the x, y and z directions to a precision of 0.01mm.
The WiiMote and IR source were attached to the turret and bed respectively and move
one relative to the other. The x and y axes used optical sensors to provide a digital
readout of 2D position to 0.01mm, while the z-axis has a dial readout that is around
0.02mm.
4.4 Chapter Summary
This chapter outlined the system setup. It identified the system components and the steps
performed on launching the interface application. The interface application and how it
communicates with and configures the infrared cameras were explained. The chapter
then continued to describe the calibration method using an aluminum jig configuration
to enable precise location. In next chapter the transformation of the multi-camera points
onto the DICOM images are examined.
Chapter 5
Camera Mapping Algorithm
Design & Image-Based Guidance
This chapter starts by evaluating the need for a biopsy guidance system, conducting
simulated CT biopsies of targets within a phantom by attaining a vector by subtracting the
current location of the detected spot from the starting location, and using that vector as
the angle. A 2D to 3D transformation of the system and the development of a new infrared
guided biopsy method where two infrared cameras are used to navigate are described, and
the chapter then examines the 3D version of the system. After a review of clinical trials,
a further developed 2 x 2D system is developed and investigated.
5.1 The Need for a Guidance System
In order to identify whether the proposed infrared guidance system would improve accu-
racy and be beneficial in a biopsy procedure, a biopsy simulation and training module
(Appendix D) was constructed. The main purpose of this initial experiment was to pro-
vide a proof of concept. To identify if guided biopsy achieves more accurate results when
compared to freehand biopsy results. The system comprised of a biopsy needle with an
infrared reflective tape on its hub, an infrared illuminator and detector as well as a laptop
computer as depicted in Figure 5.1. The infrared detector was connected via Bluetooth
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Figure 5.1: Initial system setup, which is comprised of a biopsy needle with an infrared
reflective tape on its hub, an infrared illuminator and detector as well as a computer with
custom software. The infrared tape on the needle hub is identified in the picture traveling
down a path towards the lesion of interest identified as a yellow dot.
to the computer which had running a tracking software specifically designed, written and
tested for this purpose. The needle position with respect to the biopsy target was up-
dated in real-time and displayed on a computer screen as feedback for the trainee operator
facilitating accurate angle positioning of the biopsy needle (Shar et al. 2010).
Simulated CT biopsies of targets within a phantom were conducted, alternating freehand
and infrared guided techniques with the axial angular error statistically compared
(Appendix A). The experiment was conducted over two sessions using both freehand and
infrared guided approaches. In the infrared process, the operator first made the entry
point on the phantom and captured the position using the infrared camera and computer
software (Shar et al. 2010). They then entered a desired insertion angle and calibrated
the path to the lesion using the software. The biopsy needle was then inserted into the
phantom by the operator guided by the feedback from the monitor screen, thus enabling
real-time trajectory corrections, with achieved angles recorded on a computer (Shar et al.
2010).
5.1 The Need for a Guidance System 47
The setup was orchestrated in a way to mimic real biopsy procedures which regularly
take place in that environment using the same CT scanner. The operators who assisted
in the experiments were trained radiologists who perform biopsies on a regular basis.
During the experiments both the actual (the angle which the operator was going for) and
outcome angles (the angle which the operator recorded) were recorded for later analysis,
which was in the form of correlation analysis (Kreyszig 2010) the details of which are
presented below. Let us consider n ordered pairs of samples, {(xj , yj)}nj=1, each consisting
of an actual and outcome angles, x and y, respectively. Then, the sample means for the
actual and outcome angles are computed as
x¯ =
1
n
n∑
j=1
xj (5.1)
and
y¯ =
1
n
n∑
j=1
yj (5.2)
respectively. The respective samples variances are then
s2x =
1
n− 1
n∑
j=1
(xj − x¯)2 (5.3)
and
s2y =
1
n− 1
n∑
j=1
(yj − y¯)2 (5.4)
while the sample covariance is given by
sxy =
1
n− 1
n∑
j=1
(xj − x¯) (yj − y¯) . (5.5)
The sample correlation coefficient, r, which is a measure of the degree to which x and y
are linearly related (Kreyszig 2010), is computed through
r =
sxy
sxsy
(5.6)
where −1 5 r 5 1, with r ≈ 1 indicating strong positive correlation between x and y, a
positive negative change in x results in positive (negative) change in y, while for r ≈ 0
indicates that there is little or no linear relationship between x and y. The ideal result
for a guidance system considered here would be strong positive correlation, which would
imply highly accurate biopsy insertions.
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The verification results of this preliminary evaluation are given in Figure 5.2 and outlined
in (Appendix A) where the user attempts to keep the number reported by the system to a
target. Actual angles are plotted against outcome angles recorded during the experiment.
The outcome angles for the proposed infrared-guided approach were found to be closer to
the actual angles, than those achieved by the freehand approach. This was was confirmed
using correlation analysis.
Figure 5.2: Results of simulated CT guided biopsies by freehand and infrared guided tech-
niques.
The freehand approach achieved r = 0.8382, while the infrared method achieved r =
0.9948, where r denotes the correlation coefficient (Kreyszig 2010). For the purposes of
analysis a number of statistical tests were used given in with level of significance p set to
0.05. Using absolute values in 30 trials, infrared was closer to true angle than freehand
25 times. A binomial test indicates that there is a vanishingly small probability of 25
successes in 30 trials under the null hypothesis of no difference in success rate between
these two methods (Shar et al. 2010). Thus, the infrared guided technique achieved a
significantly higher success rate than the freehand as demonstrated in Figure 5.2. Both
the mean and median differences between each method and the true angle were smaller for
infrared than freehand, also indicating that the infrared method is more accurate (Shar
et al. 2010).
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Using signed values the range of the differences was smaller for infrared than freehand,
again showing that the infrared method is more precise as demonstrated in outlined in
(Appendix A) where actual angles and outcome angles are compared. The sign test rejects
the null hypothesis that the infrared and freehand median differences are equal. Given
that infrareds median difference is smaller, infrared is confirmed as superior in this case.
An explanation as to why data may not be distributed normally is extreme values in a data
set. During the biopsy procedure, the camera may be blocked by hand movements and as
such extreme values may be recorded. Assuming that the dataset is normally distributed,
the paired t-test was employed, with the result that this also suggests that the infrared
guidance method is superior to the freehand method (Shar et al. 2010). The paired
t-test only requires an approximate normal distribution, which is not an unreasonable
assumption given the closeness of fit shown in Figure 5.2. The presence of a significant
number of outliers may invalidate the use of this test, but this does not appear to be the
case given the experimental data available. Therefore, the conclusion that the infrared
guidance system is somewhat superior to freehand guidance is supported.
5.2 3D System
Given the success of the angular IR measurement described in the previous section, the
approach was extended into 3-dimensions in order to determine whether further improve-
ments could be made in clinical guidance accuracy. The client application was further
developed to two cameras and converted into MATLAB programming language which
allowed for more accurate plotting of IR results and better user interfaces. A socket con-
nection to the interface application is established, and a display window as depicted in
Figure 5.3 is produced, containing a 3D plot of the IR hotspots. A loop is established
that sends request packets, receives response packets, and calculates (x, y, z) coordinates
for each of the two most intense hotspots. The loop exits, and the interface and client
programs close, when the display window is closed by the user. The (x, y, z) coordinates
for each hotspot are calculated using Equation (5.83) as will be developed in section 5.4.2.
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Figure 5.3: The 3D Visualisation Tool: The upper plot shows the raw (u, v) coordinates
returned by the Wii Remotes (crosses are from the left sensor and circles from the right). The
lower plot is the (x, y, z) mapping of the (u, v) data for the two IR sources.
5.2.1 Mapping Algorithm
Given the requirements for mapping and calibration, and the need to have a simple and
semi-automatic calibration system, the application of Zhang’s methods is investigated for
this problem (Zhang 2000). The projection system according to Zhang’s result is defined,
and subsequently extended to the case of two IR cameras. The basic problem may be
summarized for one camera by referring to Figure 5.4. The observed camera point m
corresponds to 3D point M, but the mapping is not unique. Using some preliminary tests
that were conducted using the training module and CT scanner, the raw (u, v) coordinates
returned by each of the the Wii Remotes and the corresponding (x, y) mapping of the
(u, v) data for the two IR sources demonstrated a correlation (Appendix B).
Consider, for example the situation where the camera (that is, the projection plane) is
moved further away. The mapped point in the image plane may not alter. Thus, it is
clear that at least two cameras are required to fully resolve the ambiguities. One approach
is to utilize the precise knowledge of the camera position, comprising its center (u0, v0)
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and orientation with respect to the real-world XY Z axes. Furthermore, the scaling with
respect to the real world is required. In general, this information is not available; in our
situation, it is impossible to acquire.
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Figure 5.4: Illustrating the mapping from observed camera point m to 3D point M.
Using standard nomenclature (Zhang 2000), the mapped 2D point on image plane is
defined as
m =
 u
v
 (5.7)
with the 3D point on denoted by
M =

x
y
z
 (5.8)
It is conventional to then define augmented vectors
m˜ =

u
v
1
 (5.9)
and
M˜ =

x
y
z
1
 (5.10)
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The image of M is m. The projection of m from M is then assumed to be a linear
translation, rotation and scaling defined by
sm˜ = PM˜ (5.11)
where s is an (arbitrary) scaling factor and P is the 3× 4 projection matrix. P is further
decomposed into a translation vector t and rotation matrix R. The projection matrix
also needs to represent the origin and scaling on the projection surface. Thus
P = A [R | t ] (5.12)
where A is
A =

α γ uo
0 β vo
0 0 1
 (5.13)
R and t are the so-called extrinsic parameters, the rotation and translation which relate
the world co-ordinate system to the camera co-ordinate system (Zhang 2000). A is
composed of the camera intrinsic parameters, comprising the co-ordinates of the plane’s
principal point (uo, vo), α and β scale factors in the u, v directions, and γ the skew
of the image axes. A is thus also referred to as the intrinsic matrix (Zhang 2000).
Essentially, what is left is P, a 3×4 matrix of unknown parameters, however the intuitive
interpretation of its decomposition into fundamental operations of rotation, translation,
skewing and scaling is useful.
P needs to be estimated, and the derivation of results outlined in Section 2.3.2 of Medioni
& Kang (2004). Given each 2D ↔ 3D correspondence
mi =
 ui
vi
 ↔ Mi =

xi
yi
zi
 (5.14)
the development of the projective mapping equation can proceed. The projection matrix
in terms of components is
P =

p11 p12 p13 p14
p21 p22 p23 p24
p31 p32 p33 p34
 (5.15)
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thus
s

ui
vi
1
 =

p11 p12 p13 p14
p21 p22 p23 p24
p31 p32 p33 p34


xi
yi
zi
1
 (5.16)
Expanding, three equations can be written
s ui = p11xi + p12yi + p13zi + p14 (5.17)
s vi = p21xi + p22yi + p23zi + p24 (5.18)
s = p31xi + p32yi + p33zi + p34 (5.19)
Multiplying (5.19) by ui and subtracting from (5.17),
s ui = p11xi + p12yi + p13zi + p14
−
s, ui = p31xiui + p32yiui + p33ziui + p34ui
→ 0 = p11xi + p12yi + p13zi + p14
−p31xiui − p32yiui − p33ziui − p34ui
(5.20)
Similarly, multiplying (5.19) by vi and subtracting from (5.18),
s vi = p21xi + p22yi + p23zi + p24
−
s, vi = p31xivi + p32yivi + p33zivi + p34vi
→ 0 = p21xi + p22yi + p23zi + p24
−p31xivi − p32yivi − p33zivi − p34vi
(5.21)
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Writing equations (5.70) and (5.71) in matrix form
 xi yi zi 1 0 0 0 0 −xiui−yiui−ziui−ui
0 0 0 0 xi yi zi 1 −xivi −yivi −zivi −vi


p11
p12
p13
p14
p21
p22
p23
p24
p31
p32
p33
p34

=
 0
0
 (5.22)
which, for the purposes of solution, is more compactly expressed as
Gp = 0 (5.23)
where G is the 2×12 matrix of known parameters, p is the 12×1 vector of coefficients of
the P calibration matrix, and 0 is the 2× 1 zero vector. Next, for a set of observations,
Gi sets are all stacked together to yield
G1
G1
...
Gn

 pij

=

0
...
0
 (5.24)
So the problem is to find
min
p
‖ Gp ‖2 (5.25)
5.2 3D System 55
This follows a standard solution (Anton 2003), since in general
‖ Ax ‖2 = Ax ·Ax
= x ·ATAx
= x · λx
= λ (x · x)
= λ ‖ x ‖2 (5.26)
Hence solving Ax ≈ 0 corresponds to finding the minimum eigenvalue λ of ATA, and the
solution is the corresponding eigenvector. Thus here there is GTG, and the corresponding
eigenvector is the estimate for p, which is then reshaped into the matrix P.
Recall now that the problem definition had
P = A [R | t ] (5.27)
where A is
A =

α γ uo
0 β vo
0 0 1
 (5.28)
Denote the 3× 3 submatrix of P by B, and the last column of P by b. So
P = (B | b ) (5.29)
Thus,
B = AR (5.30)
b = At (5.31)
So if R is an orthogonal matrix with unit norm,
BT = (AR)T (5.32)
= RTAT (5.33)
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and thus
BBT = ARRTAT (5.34)
= AAT (5.35)
With
K = AAT (5.36)
= BBT (5.37)
multiplication of elements of A,
K = AAT (5.38)
=

α γ uo
0 β vo
0 0 1


α 0 0
γ β 0
uo vo 1
 (5.39)
=

α2 + γ2 + u2o βγ + uovo uo
βγ + uovo β
2 + v2o vo
uo vo 1
 (5.40)
Thus the individual intrinsic parameters can be solved α, β, γ, uo, vo. In practice, Zhang
notes the possible need to normalize K such that K(3, 3) = 1. Then,
uo = K(1, 3) (5.41)
uo = K(3, 1) (5.42)
vo = K(2, 3) (5.43)
vo = K(3, 2) (5.44)
β =
√
K(2, 2)− v2o (5.45)
γ =
K(2, 1)− uovo
β
(5.46)
α =
√
K(1, 1)− γ2 − u2o (5.47)
Finally the extrinsic parameters can be solved
R = A−1B (5.48)
t = A−1b (5.49)
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R and t are the so-called extrinsic parameters, the rotation and translation which relate
the world co-ordinate system to the camera co-ordinate system (Zhang 2000). In the
following sections the formulation is extended to the 2-camera case. Extending the method
to multiple cameras increases accuracy and reduces interruptions to connectivity. In an
operating environment, it is important to keep constant connectivity to the needle and
often there are unpredicted movements such as the surgeons hands blocking the camera
during the procedure.
5.2.2 Mapping Algorithm to Multiple Cameras in 3D
The information from two infrared cameras may now be incorporated. Once P has been
determined, given (u, v) can be mapped to (x, y, z). Clearly this requires more than one
camera. Since (x, y, z) are unknown, as well as the scaling s, there are 4 unknowns. A
similar re-organization of the equations is performed, as follows.
p11xi + p12yi + p13zi − sui = −p14 (5.50)
p21xi + p22yi + p23zi − svi = −p24 (5.51)
p31xi + p32yi + p33zi − s = −p34 (5.52)
into matrix form

p11 p12 p13 −ui
p21 p22 p23 −vi
p31 p32 p33 −1


xi
yi
zi
s
 =

−p14
−p24
−p34
 (5.53)
Now denote p
(k)
ij as parameter pij for camera k. Thus for 2 cameras,
p
(1)
11 p
(1)
12 p
(1)
13 −u(1) 0
p
(1)
21 p
(1)
22 p
(1)
23 −v(1) 0
p
(1)
31 p
(1)
32 p
(1)
33 −1 0
p
(2)
11 p
(2)
12 p
(2)
13 0 −u(2)
p
(2)
21 p
(2)
22 p
(2)
23 0 −v(2)
p
(2)
31 p
(2)
32 p
(2)
33 0 −1


x
y
z
s(1)
s(2)

(5.54)
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=

−p(1)14
−p(1)24
−p(1)34
−p(2)14
−p(2)24
−p(2)34

(5.55)
which is of the form
Hr = h (5.56)
This may be found using the Moore-Penrose pseudoinverse to give
r∗ =
(
HTH
)−1
HTh (5.57)
Finally, the components of r are the estimated position
r∗ =

xˆ
yˆ
zˆ
 (5.58)
5.2.3 3D Experimental Results
To check the correctness of the algorithm as derived, a test stub was developed to project a
set of random points through a plane representing each camera. The ray-plane intersection
point was then as the (u, v) camera point, and the projection algorithm as described was
used to estimate the true (x, y, z) point.
The combined system was then tested with real data from the two IR sensors where real-
time data acquisition is able to translate to the estimated 3D position as the IR sources
are moved as outlined in (Appendix C) and also depicted in Figure 5.5 and 5.6. The
oulier data was caused by interference during the experiment such as the camera picking
up an incorrect signal or at times hand movements blocking the camera.
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Figure 5.5: IR Camera output and the DICOM vertical pixels.
Figure 5.6: IR Camera output and the DICOM horizontal pixels.
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5.3 Review of Clinical Trials
A review of the clinical results and the preference of the operators suggested that the
3D navigation system, although very interesting, was not focused on addressing the main
issue which was advancing the needle towards the lesion of interest. The lack of spatial
referencing in a biopsy scenario may be better addressed by a simpler display of the two
2D camera setup. The overwhelming majority of the operators also suggested advancing
the system to two separate cameras in order to help with needle visibility. Therefore the
system was further developed into two infrared cameras each as a 2D view demonstrated
in the following section.
5.4 2x2D System
The clinical review of the 3D system highlighted the specifics around what clinicians
require and expect when it comes to biopsy navigation systems. The review identified
that the focus of the navigation system should be on the precise entry angle and assistance
with spacial referencing as the needle is advanced towards the lesion of interest. Therefore
in this chapter the 3D approach is extended to two cameras that detect the needle and
project it onto a 2D plane, thus enabling the clinician to reference back and forth between
the X-ray DICOM images and the navigation system interface.
5.4.1 Mapping Algorithm
The 2D approach would be to utilise the precise knowledge of the camera position, com-
prising its centre (u0, v0) and orientation with respect to the DICOM XY axes. Fur-
thermore, the scaling with respect to the DICOM plane is required. In general, this
information is not available; in our situation, it is impossible to acquire because it would
require precise calibration of imaging centre points and camera orientations and it would
also need the camera intrinsic and extrinsic parameters, i.e. focal length, angle of align-
ment.
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The 2D point on the imaging plane is defined as
m =
 u
v
 (5.59)
with the target 2D point on the mapped display denoted by
M =
 x
y
 (5.60)
It is conventional to then define augmented vectors
m˜ =

u
v
1
 (5.61)
and
M˜ =

x
y
1
 (5.62)
The utility of this approach becomes evident when the mapping solution is solved. The
projection of M is m. The M is mapped to m for the image, and it is necessary to
translate from measured m to estimated M. This is assumed to be a linear translation,
rotation and scaling defined by
sm˜ = PM˜ (5.63)
where s is an (arbitrary) scaling factor and P is the 3× 3 projection matrix.
P will now need to be estimated given each 2D ↔ 2D correspondence
mi =
 ui
vi
 ↔ Mi =
 xi
yi
 (5.64)
the projective mapping equation can now proceed to develop.
The projection matrix in terms of components is
P =

p11 p12 p13
p21 p22 p23
p31 p32 p33
 (5.65)
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thus
s

ui
vi
1
 =

p11 p12 p13
p21 p22 p23
p31 p32 p33


xi
yi
1
 (5.66)
Expanding, three equations can be written
s ui = p11xi + p12yi + p13 (5.67)
s vi = p21xi + p22yi + p23 (5.68)
s = p31xi + p32yi + p33 (5.69)
Multiplying (5.69) by ui and subtracting from (5.67),
s ui = p11xi + p12yi + p13
−
s, ui = p31xiui + p32yiui + p33ui
→ 0 = p11xi + p12yi + p13
−p31xiui − p32yiui − p33ui
(5.70)
Similarly, multiplying (5.69) by vi and subtracting from (5.68),
s vi = p21xi + p22yi + p23
−
s, vi = p31xivi + p32yivi + p33vi
→ 0 = p21xi + p22yi + p23
−p31xivi − p32yivi − p33vi
(5.71)
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Writing equations (5.70) and (5.71) in matrix form, there is
 xi yi 1 0 0 0 −xiui−yiui−ui
0 0 0 xi yi 1 −xivi −yivi −vi


p11
p12
p13
p21
p22
p23
p31
p32
p33

=
 0
0

which, for the purposes of solution, is more compactly expressed as
Gp = 0 (5.72)
where G is the 2× 9 matrix of known parameters, p is the 9× 1 vector of coefficients of
the P calibration matrix, and 0 is the 2× 1 zero vector. Next, for a set of observations,
Gi sets are stacked together to yield
G1
G1
...
Gn

 pij

=

0
...
0
 (5.73)
So the problem is to find
min
p
‖ Gp ‖2 (5.74)
This follows a standard solution (Anton 2003), since in general
‖ Ax ‖2 = Ax ·Ax
= x ·ATAx
= x · λx
= λ (x · x)
= λ ‖ x ‖2 (5.75)
Hence solving Ax ≈ 0 corresponds to finding the minimum eigenvalue λ of ATA, and
the solution is the corresponding eigenvector. Thus there is GTG, and the corresponding
eigenvector is the estimate for p, which is then reshaped into the matrix P.
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In the following, this approach is extended to the 2-camera case in order to take advantage
of more than one viewpoint and this can provide greater accuracy.
5.4.2 Mapping Algorithm to Multiple Cameras in 2D
Once P has been determined, (u, v) can be mapped into (x, y). There will, however, be
error in any measurements taken and this will result in errors in the estimated positions.
The errors can be reduced by using multiple cameras, then finding the estimated position
which best matches all observations.
A similar re-organisation of the equations is performed, as follows.
p11xi + p12yi − sui = −p13 (5.76)
p21xi + p22yi − svi = −p23 (5.77)
p31xi + p32yi − s = −p33 (5.78)
into matrix form 
p11 p12 −ui
p21 p22 −vi
p31 p32 −1


xi
yi
s
 =

−p13
−p23
−p33
 (5.79)
Now denote p
(k)
ij as parameter pij for camera k. Thus for 2 cameras,
p
(1)
11 p
(1)
12 −u(1) 0
p
(1)
21 p
(1)
22 −v(1) 0
p
(1)
31 p
(1)
32 −1 0
p
(2)
11 p
(2)
12 0 −u(2)
p
(2)
21 p
(2)
22 0 −v(2)
p
(2)
31 p
(2)
32 0 −1


x
y
s(1)
s(2)

(5.80)
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=

−p(1)13
−p(1)23
−p(1)33
−p(2)13
−p(2)23
−p(2)33

(5.81)
which is of the form
Hr = h (5.82)
Since H is not square, it cannot be inverted in the conventional sense to find r. In most
cases there will be no value for r so that the equation is exactly true, so a value of r is
chosen that makes the equation closest to being true. In this case, H is an overdetermined
matrix, and the aim is to compute r so that the squared error between Hr and h is
minimized. It is required to find vector r∗ = min
r
||Hr − h||2. This may be found using
the Moore-Penrose pseudoinverse to give
r∗ =
(
HTH
)−1
HTh (5.83)
Finally, the components of r∗ are the estimated position
r∗ =
 xˆ
yˆ
 (5.84)
This value r∗ is the location of the needle endpoint on the DICOM image which is the
aim of the algorithm presented here. The next section demonstrates the experimental
results using the algorithm defined above.
5.4.3 2x2D Experimental Results
To test the model, two infrared cameras were set up to record the locations of a needle
tip. The location of the needle tip is also measured using X-ray imaging and the position
read from the DICOM image. The DICOM image provides the 2D target location (x, y),
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while the pixel locations measured from the infrared camera provides the training data.
This was done for 100 needle point positions, with DICOM images and infrared camera
locations recorded for each position. To measure the effectiveness of this approach, we
use leave-one-out cross-validation. This involves using 99 points to train the model, then
testing it on the 100th point. The predicted location can then be compared to the actual
measured location. This is repeated for every sample (100 times). By doing it this way
it can be ensured that no training information is ever used for testing, as this would give
unrealistically good results.
The measurement technique proposed requires knowledge of the needle positions. The
needle positions are measured using infrared cameras which must be interfaced with a
laptop and two separate infrared reflective tapes attached to the biopsy needle. The
reflective point separation is 200mm and is estimated to be 204mm as shown in Figure 5.7
and outlined in (Appendix C). The infrared reflective tape was found to be an effective
method for locating the needle using the infrared camera. The length of the needle is also
required to extrapolate the actual endpoint of the needle.
The DICOM image is 512 by 512 pixels, with 2.048 pixels corresponding to 1mm. This was
found by placing an object with known dimensions into the scanning area and measuring
its size in the image. This allows the conversion of pixel based measurements to real
distances by dividing errors measured in pixels by 2.048.
The error for the ith measurement is computed as:
Ei =
√
(xp − xa)2 + (yp − ya)2 (5.85)
where xp and yp are the predicted x, y locations and xa and ya are the actual or measured
locations. This is the Euclidean distance between the measured and predicted points:
high errors mean our prediction was very poor. The final average error is simply the
mean of all the individual errors over the 100 points:
E¯ =
1
N
N∑
1
Ei (5.86)
For artificial data, it is possible to achieve errors very close to 0 (i.e. basically no error in
prediction) since there is no noise. Once experiments are actually performed though, noise
is introduced because the measured locations would not exactly match the real locations.
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Figure 5.7: Location of the needle tip identified using two infrared cameras and also using the
DICOM images. In the top image the ’x’ and the ’o’ are live outputs from the IR cameras
and demonstrate the location of the needle using the reflection from two infrared reflective
tapes. The dimensions of the top image are the raw locations from the IR camera, they are
converted to an actual location using the method proposed in this research. The measurement
scales are in millimeters.
Once the error is estimated for each point, a histogram can be plotted as shown in Figure
5.8. The mean error E¯ across all points was 4.12 pixels (2.01mm), with a median of 3.89
pixels. This means that when predicting the location of a point on the DICOM image,
the true location will be within ∼2mm of the predicted location. If a circle is drawn with
a radius of 2mm on the DICOM image, the true point will be inside it 50 percent of the
time. With a circle of radius 4.15mm, the true point will be inside it 90% of the time.
This error has two main sources: modelling error and noise. Modelling error comes from
non-linear effects which may be introduced by such as the camera lens, the algorithm
presented above does not model camera distortion. Noise comes from a mismatch between
the measured and actual locations of the training points. Noise introduced in this way
will increase the error when point locations are later estimated. Methods for camera
calibration based on tracking image features while the camera undergoes rotation has
previously been investigated by (Stein 1995) who demonstrated that lens distortion error
can be reduced significantly.
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Figure 5.8: Error histogram showing the error from each of the 100 measurements, demon-
strating that the error for half the measurements is less than ∼2mm, with a maximum error
of 5.5mm. This error represents Euclidean distance between the true position and estimated
position on the DICOM image.
5.5 Chapter Summary
The problem of radiation dosage in CT-assisted scans is the main focus of this research and
this chapter introduced a solution which involves infrared camera pair, infrared emitter
attached to the biopsy needle and custom written software to estimate the true biopsy
needle position. Various tests were conducted which indicate that the infrared algorithm
has the potential to achieve more accurate results compared to freehand (Appendix B).
It is anticipated that occlusion of the needle will occur in real-life situations, and this
also suggests that the use of multiple cameras will be essential. The mapping problem
was shown to be able to be solved using a linear estimator, and the inverse (prediction)
problem produced stable numerical results. The clinicians who operated the system were
overwhelmingly in favor of a simple navigation system that assisted them with the lack
of spatial referencing. When presented with a more complex 3D version of the system, it
was identified that the simpler 2D system is more appropriate for their purpose.
Chapter 6
Clinical Performance Evaluation
In this chapter the clinical performance of the navigation system was tested in a con-
trolled training environment using a phantom and scenarios resembling real-life biopsy
procedures. The training module was configured and evaluated at the Princess Alexan-
dra Hospital in Brisbane and radiologists undertaking competency-based training were
requested to practice biopsy scenarios using the setup described in (Appendix D). The
experience of the staff who used the system is documented in a survey results in (Appendix
H). The scenarios and biopsy setup were designed and implemented with close consulta-
tions with senior Radiologists. The experimental results were analysed as in-plane needle
targeting error and depth error. The targeting accuracy was calculated by finding the
distance between the actual needle and the intended target location in CT coordinates.
The actual needle location was recorded as the center of the signal void visible in the
needle verification images. The needle depth error was measured as the number of 3 mm
slices between the actual needle tip and the depth calculated by the CT scanner targeting
software.
6.1 Biopsy Scenario Planning
Analysis of the clinical performance of the navigation system in Chapter 3 identified a
number of issues regarding biopsy targeting. Specifically, the angle of entry and the
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magnitude of the depth error, the small posterior and larger inferior systematic bias,
the user errors in needle insertion, and the time required for repeated X-ray acquisition
and correcting the trajectory were identified as problems that may benefit from technical
improvements of biopsy guidance system. Consequently, there was an evident need to
investigate alternative navigation techniques capable of addressing the issues identified
with the navigation system. To that end several registration techniques and motifs of
fiducial markers were examined. In particular the objective was to investigate methods
that would improve the entry and depth error as well as eliminate user errors and reduce
X-ray time through automated techniques.
For the purposes of this study, a series of common chest, pelvis and abdominal biopsy
scenarios were constructed with the help of senior Radiologists at the Princess Alexan-
dra Hospital in Brisbane. These scenarios included lung, renal, abdomen biopsies and
percutaneous biopsy of spinal lesions.
6.2 User Experience and Survey
The infrared guided biopsy needle system was tested and evaluated by multiple radiolo-
gists, clinicians and radiographers. Overall more than 45 operators used the system and
participated in the survey (Appendix G). The most common feedback from the survey
was that the system is very helpful in addressing the lack of spatial referencing during a
biopsy procedure particularly with the angle of entry of the needle. Using the system, the
operator is able to use the information that is compellingly direct and intuitive and as
such can plan the biopsy procedure more efficiently and accurately. The analysis of the
results of the survey provided a comprehensive understanding of what a clinician expects.
Some shortcomings of the system were also identified, most of which can be addressed by
the further integration of the system into CT scanners as discussed in Section 7.2.
Using the top box method, the percentage of people who answered the most positive
option were 91.
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The clinicians who operated the system were presented with the following questions:
1. Is the system easy to use;
2. Does the system help with spatial referencing;
3. Is it a useful educational tool;
4. Is the system fast enough;
5. Does the system detect the needle properly;
6. Can the needle be sterilised easily;
7. Does the IR tape have a negative impact on trajectory;
8. Does the system reduce the number of repeated CT scans;
9. Is the system disruptive during the biopsy procedure;
10. How would you rate the system interface (GUI);
11. Should the system be integrated with the CT scanner;
12. Should the system be used in real life patient trials;
13. Does the system save time and reduce radiation in biopsy procedures;
According to the survey, features that made this system particularly suited for medical
applications and in particular biopsy procedures included:
1. Ease of use;
2. Helps with spatial referencing;
3. Usefulness for educating junior clinicians;
4. Detecting the needle effectively;
5. Effective sterilisation of the needle with the infrared tape attached;
6. Reduction of the number of required scans;
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Figure 6.1: Survey Results - Undertaken by 45 operators of the system who then ranked the
system in a series of 13 questions.
7. Simple and easy to understand user interface;
According to the survey features that made the system not so suitable for medical appli-
cations included:
1. The infrared tape sometimes gets blocked by hand movements;
2. The system needs to be integrated into the CT scanner;
6.3 Chapter Summary
The results of the survey which was completed by 45 trained radiologists who perform
biopsy procedures on a regular basis clearly identifies the advantages of having an infrared
navigation system during a biopsy procedure. Ease of use and help with spatial referencing
were identified as some of the most usefull attributes of the system. There were also some
concerns raised and it was suggested that the system will need to be integrated into the
CT scanner and that hand movements during the procedure at times block the connection
to the camera.
Chapter 7
Conclusions and Further Work
7.1 Conclusions
The research presented in this thesis aimed to develop a navigation system suitable for
performing CT guided biopsy procedures. With this aim, the main objectives were identi-
fied to be the lack of spatial referencing during a biopsy procedure and the development of
a training module where clinicians could trial biopsy scenarios. The problem of radiation
dosage in CT-assisted scans was described, and a possible solution using an infrared cam-
era pair to estimate the true biopsy needle position was proposed, tested and evaluated.
An existing approach was used and subsequently extended to help guide clinicians in
advancing the biopsy needle during the procedure. This extended algorithm computed
a scaled estimate of the needle endpoint and assists with navigating the biopsy needle
through a dedicated and custom built graphical user interface. As a result a prototype
training module was designed and built where clinicians could practice different entry
angles and biopsy scenarios and as such help increase their spatial referencing.
Various experiments and different scenarios were designed and tested to demonstrate the
correctness of the algorithm and provide real-life simulated scenarios where the opera-
tors had a chance to practice different entry angles and familiarise themselves with the
equipment. Different tests were conducted and results demonstrated that the method is
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robust and fast enough to be adapted for real-time clinical applications. A comprehensive
survey was also undertaken by clinicians who used the system in order to highlight the
advantages and disadvantages of the system and identify future enhancements.
Several vulnerabilities with the system hardware, software and registration methodology
were discovered during analysis and corrective measures were taken to improve clinical
performance. An ongoing development for the navigation system includes its integration
into the CT scanner and also using more than two infrared cameras to maximise camera
to needle connectivity.
7.2 Further Work
The achievements of this thesis provide not only contributions to the CT field but also
provide a guide for future investigations. The major suggestions for future research are
outlined below.
A significant improvement to the navigation would be to introduce intra-operative target
tracking. This would involve tracking the lesion of interest also, while the needle is being
advanced through the patient’s body, without having to stop and repeat X-ray scans.
This would not only reduce radiation and make the procedure faster and more accurate,
but it would also make patient movements during a biopsy procedure such as breathing,
not as detrimental to needle trajectory.
To further increase the positioning accuracy and also to ensure constant feedback from the
needle, the use of more than two cameras is ideal. The algorithm has been demonstrated
to achieve this in a realistic setting. It is anticipated that occlusion of the needle will
occur in real-life situations, and this also suggests that the use of more than 2 cameras
will be useful.
The navigation system was tested at a pre-clinical level. Additional issues are expected
to arise in trials with patients, which did not arise in phantom trails. Pre-clinical trials
were performed using anatomical models made of soft materials, while in a clinical case,
with real patients, the actual properties of the real tissues may cause a deviation of the
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needle from the expected trajectory. This is an important issue which needs further
investigation.
There are many other procedures that would potentially benefit from the work presented
in this thesis. While the graphical user interface was specific for the application, the
tracking method, owing to its safety and flexibility, may be employed for accurate and
fast instrument tracking in other delicate procedures such as ablations.
As identified by the clinicians survey in Section 6.2 and (Appendix G), by further de-
veloping this navigation system and integrating it with the CT scanner technology the
system will be much more accessible and easier to use. It is important to note that the
involvement of a major health-care provider is essential for the progression of the ideas
and methods that have been proposed in this research. There is much work to be done
before the system can be used on real patients and in real biopsy scenarios including
testing and complete integration into the CT scanners. This can only be achieved with
the involvement of a large health care provider who has the capacity to obtain the legal
approvals for real patient biopsy trials and eventual implementation and integration into
CT scanners and radiology best practices.
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Appendix A
Results - Freehand Method v
Infrared Guidance
Actual angle and outcome angles recorded in section 5.1.
Operator Actual Outcome Diff Operator Actual Outcome Diff
Freehand 0 3 3 Infrared 0 0 0
Freehand 24 47.2 23.2 Infrared 24 21.4 2.6
Freehand 30 40.1 10.1 Infrared 30 28.5 1.5
Freehand 40 26.6 13.4 Infrared 40 36.1 3.9
Freehand 30 44.8 14.8 Infrared 30 27.3 2.7
Freehand 34 38.9 4.9 Infrared 34 28.4 5.6
Freehand 10 21.3 11.3 Infrared 10 10.7 0.7
Freehand 14 25.2 11.2 Infrared 14 12.2 1.8
Freehand 46 51.3 5.3 Infrared 46 41.5 4.5
Freehand 36 36.4 0.4 Infrared 36 34.7 1.3
Freehand 17 31.1 14.1 Infrared 17 18 1
Freehand 23 36.8 13.8 Infrared 23 20.3 2.7
Freehand 46 52 6 Infrared 46 42.3 3.7
Freehand 8 16.2 8.2 Infrared 8 7.2 0.8
Freehand 40 36.2 3.8 Infrared 40 36.7 3.3
Freehand -1 -2 1 Infrared -1 -4.7 3.7
89
Freehand 21 19.6 1.4 Infrared 21 16.4 4.6
Freehand -29 -27.9 1.1 Infrared -29 -28 1
Freehand -41 -36.9 4.1 Infrared -41 -38.4 2.6
Freehand -30 -31.6 1.6 Infrared -30 -28 2
Freehand 33 31.2 1.8 Infrared 33 29.6 3.4
Freehand -9 -8.6 0.4 Infrared -9 -11.7 2.7
Freehand 15 16.2 1.2 Infrared 15 11.1 3.9
Freehand -45 -43.5 1.5 Infrared -45 -44.4 0.6
Freehand -36 -38.3 2.3 Infrared -36 -33.9 2.1
Freehand -16 -16.4 0.4 Infrared -16 -16.5 0.5
Freehand 23 17.4 5.6 Infrared 23 17.6 5.4
Freehand -45 -46.6 1.6 Infrared -45 -36.9 8.1
Freehand 9 6.2 2.8 Infrared 9 6.2 2.8
Freehand 41 41.8 0.8 Infrared 41 30.5 10.5
Appendix B
Results - Infrared to DICOM
The raw (u, v) coordinates returned by each of the the Wii Remotes and the
corresponding (x, y) mapping of the (u, v) data for the two IR sources. These results
refer back to section 5.1.
U1 V1 U2 V2 X Y
247 243 473 244 1084 528
209 244 439 251 943 533
220 133 461 144 966 526
245 244 479 251 1109 529
224 133 486 140 903 525
199 126 411 134 785 527
113 125 364 139 632 531
89 134 323 140 447 535
50 126 346 145 355 544
160 130 407 141 651 539
98 234 358 239 441 536
21 126 281 133 267 540
3 137 229 142 152 545
1 137 217 145 90 550
43 244 270 252 275 555
188 120 412 125 873 525
91
91 120 364 126 682 530
82 117 345 123 523 528
24 117 293 133 325 534
1 1 218 140 57 544
Appendix C
2D to 3D Transformation Results
The system was tested with real data from the two IR sensors where real-time data
acquisition was able to translate to the estimated 3D position as the IR sources are
moved. These results refer back to section 5.2.
3D Experimental Results
U1, V1 U2, V2 Actual X,Y ,Z Predicted X,Y ,Z Error
1 -17 -327 -181 -312 3 3 8 2.97 3.05 7.98 0.059488
2 -128 -103 -217 -105 3 11 12 2.92 11.02 11.92 0.114629
3 -153 -341 -223 -382 3 3 13 3.12 3 13.10 0.151855
4 -157 -243 -254 -280 2 6 13 1.99 5.96 12.95 0.068123
5 -136 -471 -27 -436 10 2 14 10.09 2 13.97 0.089067
6 195 -130 14 -30 9 11 2 9.12 11.04 1.97 0.12799
7 77 -220 -105 -165 5 7 5 5.11 7.07 5.02 0.131698
8 -77 -403 -127 -391 6 2 11 5.82 1.90 10.98 0.206607
9 75 -80 -179 -35 2 11 4 1.98 11.07 4.05 0.092121
10 -191 -382 -287 -455 1 1 14 1.16 1.03 14.06 0.173583
11 194 -407 55 -275 11 3 3 10.85 2.84 2.91 0.235548
12 -82 -283 -250 -305 1 4 10 1.10 3.99 9.95 0.10737
13 -38 -306 16 -237 11 7 11 11 6.98 10.95 0.053596
14 -122 -468 29 -406 12 3 14 12.02 2.98 13.94 0.062632
15 -60 -82 -246 -76 1 11 9 0.94 11 8.95 0.074252
93
16 -27 -353 -135 -330 5 3 9 4.98 2.97 8.94 0.073299
17 51 -194 -186 -162 2 7 5 1.94 6.99 4.98 0.06271
18 31 -445 57 -340 12 3 9 12.07 3.04 9.04 0.091185
19 198 -252 129 -111 14 9 4 14.05 9.04 4.11 0.12444
20 -143 -505 83 -423 14 3 15 14.06 3.03 15.03 0.07663
21 6 -64 -177 -31 3 12 7 2.95 12.04 6.99 0.068387
22 297 -87 164 52 15 14 1 15.04 14 1.07 0.078823
23 -156 -45 -227 -51 3 13 13 2.96 13.01 12.94 0.074921
24 19 -355 -217 -350 1 1 6 1.03 0.99 6.03 0.042534
25 13 -417 5 -341 10 3 9 10.16 2.96 9.05 0.169506
26 -1 -409 -124 -380 5 1 8 5.13 1.02 8.05 0.141825
27 171 -344 -106 -270 4 2 1 3.94 1.96 0.96 0.085204
28 19 -299 -217 -290 1 3 6 1.04 3 6.01 0.04375
29 244 -54 67 56 11 14 1 11.18 14 1 0.181548
30 30 -27 -94 22 6 14 7 5.99 13.97 6.98 0.039591
31 110 -227 -145 -174 3 6 3 2.96 5.99 3 0.042082
32 -138 -202 -275 -232 1 7 12 0.86 6.98 11.95 0.147878
33 -116 -28 -163 -11 5 14 12 5 14.04 11.73 0.269662
34 66 -46 -206 -7 1 12 4 0.94 11.97 3.98 0.071273
35 -188 -368 -124 -380 7 4 15 7.06 3.99 15.04 0.071378
36 146 -348 -111 -280 4 2 2 4.01 1.98 2 0.023806
37 -173 -62 -179 -63 5 13 14 4.91 13 13.89 0.138336
38 41 -187 -65 -131 7 9 7 7.17 8.96 7.03 0.177943
39 141 -258 120 -130 14 9 6 13.97 8.97 5.97 0.053351
40 -131 -139 -111 -123 7 11 13 7.02 11.01 13.01 0.029379
41 164 -251 55 -134 11 8 4 11.15 8.10 4.12 0.21589
42 57 -4 -163 40 3 14 5 2.73 13.94 4.91 0.29371
43 268 -89 159 46 15 14 2 14.96 14.04 2.21 0.217884
44 68 -184 -134 -135 4 8 5 3.96 8 4.99 0.041195
45 196 -224 14 -115 9 8 2 9.11 8.06 2.09 0.15943
46 -92 -228 -175 -224 4 7 11 4.15 7.08 11.02 0.171905
47 50 -372 109 -250 14 6 9 14.02 6.02 9.02 0.030635
48 126 -306 25 -200 10 6 5 10.14 6.11 5.09 0.197206
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49 -47 -359 -12 -308 10 5 11 9.99 4.83 11.02 0.176149
50 199 -185 129 -52 14 11 4 14.08 11.07 4.10 0.150158
51 -72 -175 11 -120 11 11 12 11.09 11.01 12.04 0.097547
52 -94 -326 30 -260 12 7 13 11.91 7 12.97 0.098489
53 -31 -284 41 -205 12 8 11 11.91 8.02 10.96 0.098073
54 -214 -397 -269 -470 2 1 15 2.10 1.05 15.05 0.125974
55 260 -478 134 -290 14 2 2 13.87 2.06 2.03 0.140123
56 121 -322 -119 -260 4 3 3 3.95 3.01 2.98 0.054411
57 -21 -395 -116 -361 6 2 9 5.64 1.94 8.91 0.374986
58 -62 31 -248 41 1 15 9 0.31 14.82 8.80 0.744389
59 173 -35 76 63 12 15 4 12.12 15 4.01 0.120867
60 -166 -118 -284 -145 1 10 13 0.89 10 12.92 0.132711
61 -195 25 -295 6 1 15 14 0.67 14.93 14.01 0.335898
62 -29 -522 47 -430 12 1 11 12.06 1 11.03 0.064268
63 229 -315 135 -160 14 7 3 14.09 7.03 3.05 0.109068
64 -87 -56 -154 -34 5 13 11 4.91 13.06 10.83 0.20326
65 -108 -159 -135 -144 6 10 12 5.87 9.97 11.96 0.135162
66 -100 -159 -208 -161 3 9 11 3 9.02 11.02 0.02815
67 90 -44 -197 4 1 12 3 1.48 12.22 3.36 0.639195
68 103 -190 -108 -132 5 8 4 4.70 7.82 3.83 0.386079
69 -93 -273 -72 -245 8 7 12 8.12 7.01 12.05 0.134136
70 191 -338 -58 -244 6 3 1 5.90 2.97 0.98 0.106867
71 28 -284 131 -170 15 9 10 15 8.98 9.99 0.024837
72 -24 -341 -204 -345 2 2 8 2.20 2.08 8.06 0.227596
73 77 -251 -107 -194 5 6 5 5 6.05 5.02 0.056716
74 -23 -228 75 -143 13 10 11 13.17 10.07 11.03 0.18497
75 160 -307 -14 -210 8 5 3 8.16 5.02 3.03 0.169135
76 -56 -300 65 -225 13 8 12 12.95 7.89 12.07 0.135895
77 171 -175 -105 -101 4 8 1 4.03 7.97 0.92 0.092385
78 74 -220 -174 -182 2 6 4 2.16 6.05 4.14 0.217755
79 32 -445 53 -340 12 3 9 11.91 2.98 8.96 0.098296
80 -25 -279 -35 -223 9 7 10 8.93 6.97 9.93 0.099611
81 -184 -98 -264 -125 2 11 14 2 10.99 13.89 0.114311
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82 -103 17 -209 26 3 15 11 2.66 14.93 10.99 0.347023
83 137 -109 -75 -33 6 11 3 5.81 11.07 3.10 0.227023
84 -147 -226 -61 -201 9 9 14 8.98 9.02 13.98 0.037088
85 57 -49 -19 15 9 14 7 8.88 13.82 6.80 0.293268
86 -1 -84 -200 -60 2 11 7 2.09 11.05 7.01 0.102926
87 256 -175 137 -35 14 11 2 14.05 11.10 1.98 0.111041
88 -198 -435 -185 -475 5 1 15 4.93 1.01 14.99 0.066702
89 138 -167 -65 -90 6 9 3 6.19 9.10 3.08 0.228191
90 255 -110 130 15 14 13 2 13.61 12.59 1.01 1.140771
91 -32 -213 40 -143 12 10 11 11.89 10.01 10.97 0.112861
92 -93 -425 30 -360 12 4 13 11.87 4 13 0.128695
93 -37 -254 120 -156 15 10 12 14.93 10.03 11.96 0.082942
94 110 -191 117 -76 14 11 7 14.06 11.08 7.02 0.098969
95 -132 -144 -5 -106 11 12 14 10.94 12.01 13.94 0.082015
96 92 -501 67 -374 12 1 7 12.05 1.10 7.02 0.115538
97 87 -320 -83 -253 6 4 5 5.90 4.06 4.99 0.118894
98 108 -90 117 11 14 14 7 14.06 13.96 6.95 0.088236
99 -103 -370 110 -279 15 7 14 14.85 6.96 13.97 0.152527
100 -4 -454 -55 -395 8 1 9 7.91 0.99 8.98 0.092522
Appendix D
Training Module
Training module comprising of a biopsy needle with an infrared reflective tape on its
hub, an infrared illuminator and detector as well as a laptop computer.
Appendix E
Connect Client to Drivers, Read
and Run the Program
The ’wiiuse - The Wiimote C Library’ was used as the drivers for the system. These
drivers are registered to /dev/wiimote, where the device is read from using MATLAB
code.
1. Load wiimote drivers to kernel
2. Connect from client application to drivers
3. Request data from wiimote
4. Process and plot data from wiimote
5. Repeat steps 3 and 4 until the client program is closed
 
function [ w i i ] = in f ranav ( )
[ s t a t u s ] = wii2mat ( w i i . s t a r t ) ;
M = 10 ;
coord . p i t ch = zeros (2 ,M) ;
coord . r o l l = zeros (2 ,M) ;
coord . yaw = zeros (2 ,M) ;
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coord . i r . x = zeros (2 ,M) ;
coord . i r . y = zeros (2 ,M) ;
coord . i r . z = zeros (2 ,M) ;
h f i g = f igure ( ’Name ’ , ’ WiiPlot ’ , ’ Po s i t i on ’ , [ 700 300 560 420 ] ,
’ PaperPositionMode ’ , ’ auto ’ ) ;
while ( i s hand l e ( h f i g ) )
[ w i i ] = wii2mat ( w i i . read ) ;
coord . p i t ch ( : , 1 : end−1) = coord . p i t ch ( : , 2 : end ) ;
coord . r o l l ( : , 1 : end−1) = coord . r o l l ( : , 2 : end ) ;
coord . yaw ( : , 1 : end−1) = coord . yaw ( : , 2 : end ) ;
coord . i r . x ( : , 1 : end−1) = coord . i r . x ( : , 2 : end ) ;
coord . i r . y ( : , 1 : end−1) = coord . i r . y ( : , 2 : end ) ;
coord . i r . z ( : , 1 : end−1) = coord . i r . z ( : , 2 : end ) ;
coord . p i t ch ( : , end) = wi i . data . p i t ch ;
coord . r o l l ( : , end) = wi i . data . r o l l ;
coord . yaw ( : , end) = wi i . data . yaw ;
coord . i r . x ( : , end) = wi i . data . i r . x ;
coord . i r . y ( : , end) = wi i . data . i r . y ;
coord . i r . z ( : , end) = wi i . data . i r . z ;
plot ( coord . i r . x ( 1 , : ) , coord . i r . y ( 1 , : ) , ’ rx ’ ) ; hold on ;
plot ( coord . i r . x ( 2 , : ) , coord . i r . y ( 2 , : ) , ’ bo ’ ) ; hold o f f ;
pause ( 0 . 0 1 )
end
  
function [ output ] = wii2mat ( vararg in )
w i i = s t r u c t ( ’ s t a r t ’ , 0 , ’ i n i t ’ , 1 , ’ f i n d ’ ,2 , ’ connect ’ ,
3 , ’ rumble ’ , 4 , ’ s t a t u s ’ , 5 , ’ read ’ ,6 , ’ wr i t e ’ , 7 , ’ i s c o n n e c t e d ’ ,
8 , ’ d i s connec t ’ , 9 , ’ s top ’ ,10 ) ;
switch ( s ize ( vararg in ,2)==1 )
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case 1
switch ( c l a s s ( vararg in {1}) )
case ’ char ’
a c t i on= vararg in {1} ;
ca se ’ double ’
a c t i on=’ wii2mat ’ ;
command=vararg in {1} ;
o the rw i s e
error ( ’ ’ ) ;
end
otherwi se
error ( ’ ’ ) ;
end
switch ( ac t i on )
case ’ i n i t ’
output = wi i ;
return ;
ca se ’ wii2mat ’
re sponse = w2m( num2str(command) ) ;
switch ( command )
case w i i . s t a r t
output = response ;
case w i i . i n i t
output = response ;
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case w i i . find
output = response ;
case w i i . connect
output = response ;
case w i i . rumble
output = response ;
case w i i . s t a t u s
output = response ;
case w i i . read
response = str2num( re sponse ) ;
r e sponse ( re sponse==0 ) = −1;
re sponse = reshape ( response , 6 , 2 ) . ’ ;
output = wi i ;
output . data . p i t ch = response ( : , 1 ) ;
output . data . r o l l = response ( : , 2 ) ;
output . data . yaw = response ( : , 3 ) ;
output . data . i r . x = response ( : , 4 ) ;
output . data . i r . y = response ( : , 5 ) ;
output . data . i r . z = response ( : , 6 ) ;
case w i i . wr i t e
output = response ;
case w i i . i s c o n n e c t e d
output = l o g i c a l ( str2num( re sponse ) ) ;
case w i i . d i s connec t
output = response ;
case w i i . s top
output = response ;
o therw i s e
error ( ’ ’ ) ;
end
otherwi se
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error ( ’ ’ ) ;
end
  
#inc lude <sys / types . h>
#inc lude <sys / s t a t . h>
#inc lude <s t d i o . h>
#inc lude <s t d l i b . h>
#inc lude < f c n t l . h>
#inc lude <errno . h>
#inc lude <uni s td . h>
#inc lude <s t r i n g . h>
#inc lude <a s s e r t . h>
#inc lude <s i g n a l . h>
#inc lude <ctype . h>
#inc lude <wait . h>
#inc lude <vector>
#inc lude <algor ithm>
#i f n d e f WIN32
#inc lude <uni s td . h>
#e n d i f
#inc lude ” wi iu s e . h”
#inc lude ”w2m. hpp”
#i f d e f MEX
#inc lude ” matrix . h”
#inc lude ”mex . h”
#e n d i f
us ing namespace std ;
#inc lude ” f u l l d u p l e x . hpp”
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#i f n d e f MEX
i n t main ( i n t argc , char ∗∗ argv ) {
#else
void mexFunction( i n t nlhs , mxArray ∗ plhs [ ] , i n t nrhs , const mxArray
∗prhs [ ] ) {
#e n d i f
char ∗ i nput bu f ;
i n t buf len , s t a t u s ;
i n t wrfd , rdfd , numread , numwrite ;
char rdbuf [MAX BUFFER SIZE ] ;
double ∗x ,∗ y ;
i f ( nrhs != 1) mexErrMsgTxt(”One input r equ i r ed . ” ) ;
else i f ( n lhs > 1) mexErrMsgTxt(”Too many output arguments . ” ) ;
i f ( mxIsChar ( prhs [ 0 ] ) != 1) mexErrMsgTxt(” Input must be a s t r i n g . ” ) ;
i f (mxGetM( prhs [ 0 ] ) != 1) mexErrMsgTxt(” Input must be a row vecto r . ” ) ;
i f (mxGetN( prhs [ 0 ] ) != 1) mexErrMsgTxt(” Input must be a c o l vec to r . ” ) ;
/∗ Get the length o f the input s t r i n g . ∗/
bu f l en = (mxGetM( prhs [ 0 ] ) ∗ mxGetN( prhs [ 0 ] ) ) + 1 ;
/∗ Al l o ca t e memory for input and output strings . ∗/
input bu f = ( char ∗)mxCalloc ( buf len , s i z e o f ( char ) ) ;
/∗ Copy the s t r i n g data from prhs [ 0 ] i n to a C s t r i n g input bu f . ∗/
s t a t u s = mxGetString( prhs [ 0 ] , input buf , bu f l en ) ;
i f ( s t a t u s !=0) mexWarnMsgTxt
(” Not enough space . S t r ing i s t runcated . ” ) ;
/∗ Open the f i r s t named pipe for wr i t i ng ∗/
wrfd = open (NAMED PIPE TO WIIMOTE, OWRONLY) ;
/∗ Open the second named pipe for read ing ∗/
rdfd = open (NAMED PIPE FROM WIIMOTE, O RDONLY) ;
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/∗ Write to the pipe ∗/
//numwrite = wr i t e ( wrfd , argv [ 1 ] , s t r l e n ( argv [ 1 ] ) ) ;
numwrite = wr i t e ( wrfd , input buf , bu f l en ) ;
/∗ Read from the pipe ∗/
numread = read ( rdfd , rdbuf , MAX BUFFER SIZE ) ;
rdbuf [ numread ] = ’ \0 ’ ;
p r i n t f (” Fu l l Duplex C l i en t : Read From the Pipe : s \n” , rdbuf ) ;
p lhs [ 0 ] = mxCreateString ( rdbuf ) ;
close ( rd fd ) ;
close ( wrfd ) ;
#i f n d e f MEX
return 0 ;
#else
return ;
#e n d i f
}
 
Appendix F
Ethical Clearance
Dr Mark Benson
Director & Chair
Radiology Department
Princess Alexandra Hospital
Ipswich Road
Woolloongabba, QLD 4102
Re: Permission to access data and carry out research in the radiology department.
Dear Dr Benson,
I have previously discussed with you undertaking a project that is relevant to my duties within PACS/RIS
support. I’m seeking your support and assistance to complete this work.
The study will involve the use of large radiology datasets (images) and some after hours use of our CT scanner. I
am seeking permission to use selected large datasets from the PACS archive as test objects. All datasets will be
appropriately de-identified prior to use.
I believe that the research will be mutually beneficial for the hospital, the University and myself. The expected
outcomes of the research are detailed in the attached summary of the research. I am also seeking your general
support and assistance with access to the PACS technologies and your input as an unofficial local supervisor to
this work.
At the completion of the project I hope to develop publications in a relevant journal from the work.
Thank you for your time.
Yours sincerely,
Bruce Shar - 23rd May 2009
**Permission to access data and carry out research in the radiology department was granted**
Appendix G
Radiologist Survey Questions
The navigation system ... −− − −/+ + ++ The navigation system ...
is complicated to use      is easy to use
does not help with spatial referencing      helps with spatial referencing
is not useful for the purposes of education      is useful for the purposes of education
is slow and not very robust      is fast and robust
doesn’t detect the needle properly      detects the needle effectively
the needle cannot easily be sterilised      the needle can easily be sterilised
the infrared tape has a negative impact on
the trajectory
     the infrared tape has no negative impact
on the trajectory
the system doesn’t help reduce the num-
ber of required scans
     the system helps reduce the number of re-
quired scans
is disruptive during the biopsy procedure      is not disruptive during the biopsy proce-
dure
The graphical user interface is too simple      the graphical user interfaces simplicity is
an advantage
integrating this navigation system with
the CT scanner is unnecessary
     integrating this navigation system with
the CT scanner would be most helpful
i would not like to see this system tested
in real biopsy scenarios
     i would like to see this system tested in
real biopsy scenarios
if implemented this system would not save
time during a biopsy procedure
     if implemented this system would defi-
nitely save time during a biopsy procedure
Appendix H
Radiologist Survey Results
Survey conducted by 45 Radiologists and clinicians who tested the Infrared Navigation
System at the Princess Alexandra Hospital, Brisbane, Australia.
Figure H.1: Survey Results - 45 Radiologists who operated the system and participated in
the survey
